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Abstract
This thesis reassigns the OTe-VCd complex in CdTe and the OSe-VCd com-
plex in CdSe to a sulfur-dioxygen complex SO2*, and the OCd defect in
CdSe to a VCdH2 complex using Fourier transformed infrared absorption
spectroscopy. The publications of the previous complexes were investi-
gated by theoreticians who performed rst-principle calculations of theses
complexes. The theoreticians ruled out the assignments and proposed al-
ternative defects, instead. The discrepancy between the experimentally
obtained and theoretically proposed defects was the motivation of this
work.
Two local vibrational modes located at 1096.8 (ν1) and 1108.3 cm−1 (ν2)
previously assigned to an OTe-VCd complex are detected in CdTe single
crystals doped with CdSO4 powder. Five weaker additional absorption
lines accompanying ν1 and ν2 could be detected. The relative intensities
of the absorption lines match a sulfur-dioxygen complex SO2* having
two congurations labeled ν1 and ν2. A binding energy dierence of
0.5±0.1meV between the two congurations and an energy barrier of 53±
4 meV separating the two congurations are determined. Uniaxial stress
applied to the crystal leads to a splitting of the absorption lines which
corresponds to an orthorhombic and monoclinic symmetry for ν1 and ν2,
respectively. In virgin and oxygen-doped CdSe single crystals, three local
vibrational modes located at 1094.1 (γ1), 1107.5 (γ2), and 1126.3 cm−1
(γ3) previously attributed to an OSe-VCd complex could be observed. The
signals are accompanied by ve weaker additional absorption features in
their vicinity. The additional absorption lines are identied as isotope
satellites of a sulfur-dioxygen complex SO2* having three congurations
γ1, γ2, and γ3. IR absorption measurements with uniaxial stress applied
to the CdSe crystal yield a monoclinic C1h symmetry for γ1 and γ2. The
SO2* complex is stable up to 600 ◦C. This thesis assigns the ν- lines in
CdTe and γ-lines in CdSe to local vibrational modes of a sulfur-dioxygen
complex SO2*.
A hydrogen-doped CdSe single crystal exhibits two absorption lines at
1992 (SeH∥) and 2001 cm−1 (SeH⊥). Both signals show a red-shift in
1
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frequency to 1454 (SeD∥) and 1461 cm−1 (SeD⊥) when hydrogen is re-
placed by deuterium. This frequency shift in combination with the ne
structure of the absorption lines arising from Se isotopes yields a VCdH2
defect giving rise to SeH∥ and SeH⊥. This contradicts the previously
assignment of the two absorptions lines to an OCd defect. The SeH∥ and
SeH⊥ vibrational modes are found to be aligned parallel and perpendic-
ular to the c-axis of the crystal, respectively. The VCdH2 defect is stable
up to a temperature of 525 ◦C.
Kurzfassung
Diese Dissertation weist den OTe-VCd Komplex in CdTe und den OSe-VCd
Komplex in CdSe einem Schwefel-Disauersto Komplex SO2*, sowie den
OCd Defekt in CdSe einem VCdH2 Komplex neu zu unter der Nutzung
von Fourier transformierter Infrarotabsorptionsspektroskopie. Die Pub-
likationen über die ursprünglichen Komplexe wurden von Theoretikern,
welche Grundlagenrechnungen an diesen Komplexes durchführten, un-
tersucht. Die Theoretiker schlossen die zugewiesenen Defekte aus und
schlugen stattdessen alternative Defekte vor. Die Diskrepanz zwischen
den experimentell gewonnen und theoretisch vorgeschlagenen Defekten
war die Motivation dieser Arbeit.
Zwei lokale Schwingungsmoden bei 1096.8 (ν1) and 1108.3 cm−1 (ν2),
welche ursprünglich einem OTe-VCd Komplex zugeordnet waren, kon-
nten in CdTe Einkristallen detektiert werden, welche mit CdSO4 Puder
dotiert wurden. Die Moden ν1 und ν2 werden von fünf schwächeren
zusätzlichen Absorptionslinien begleitet. Die relativen Intensitäten der
Absorptionslinien passen zu einem Schwefel-Disauersto Komplex SO2*,
welcher zwei Kongurationen ν1 und ν2 besitzt. Ein Bindungsenergieun-
terschied von 0.5 ± 0.1 meV zwischen den beiden Kongurationen und
eine Energiebarriere von 53± 4 meV, welche die Kongurationen separi-
ert, wurde ermittelt. Uniaxialer Druck angelegt an den Kristall führt zu
einer Aufspaltung der Absorptionslinien, welche einer orthorhombischen
bzw. monoklinischen Symmetrie für ν1 bzw. ν2 entspricht. In unbehan-
delten und Sauersto dotierten CdSe Einkristallen konnten drei lokale
Schwingungsmoden bei 1094.1 (γ1), 1107.5 (γ2) und 1126.3 cm−1 (γ3) de-
tektiert werden, welche urspünglich einem OSe-VCd Komplex zugordnet
sind. Die Signale werden von fünf schwächeren zusätzlichen Absorption-
slinien in deren Umgebung begleitet. Die zusätzlichen Absorptionslin-
ien konnten als Isotopensatelliten eines Schwefel-Disauersto Komplexes
SO2*, welcher drei Kongurationen γ1, γ2 und γ3 besitzt, identiziert
werden. IR Absorptionsmessung, wobei uniaxialer Druck an den Kristall
angelegt war, erzielten eine monokline C1h Symmetrie für γ1 und γ2. Der
SO2* Komplex ist stabil bis zu einer Temperatur von 600 ◦C. Diese Dis-
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sertation weist die ν- Linien in CdTe und die γ-Linien in CdSe lokalen
Schwingungsmoden eines SO2* Komplexes zu.
Ein Wassersto dotierter CdSe Kristall zeigt zwei Absorptionslinien bei
1992 (SeH∥) und 2001 cm−1 (SeH⊥), welche in der Literatur als lokale
Schwingungsmoden des OCd Defekts bekannt sind. Beide Signale weisen
eine Rotverschiebung derer Frequenzen zu 1454 (SeD∥) und 1461 cm−1
(SeD⊥) auf, wenn Wassersto mit Deuterium ersetzt wird. Diese Fre-
quenzverschiebung in Kombination mit der Feinstruktur der Absorp-
tionslinien, welche auf Selenisotope zurückgeführt wird, lässt auf einen
VCdH2 Defekt schlieÿen, welcher aus zwei SeH Bindungen SeH∥ und
SeH⊥ besteht. Dies wiederspricht der ursprünglichen Zuweisung der bei-
den Absorptionslinien zu einem OCd Defekt. Die SeH∥ und SeH⊥ Moden
sind parallel beziehungsweise rechtwinklig zur c-Achse des Kristalls aus-
gerichtet. Der VCdH2 Defekt ist stabil bis zu einer Temperatur von
525 ◦C.
Chapter 1
Introduction
Defects in semiconductors have a strong impact on the material proper-
ties and have been researched for the past decades [1, 2]. These defects
inuence the electrical, magnetic, and optical properties of the host ma-
terial. The defect formation in II-VI compounds is strongly inuenced
by the precise stoichiometry of the crystals. Intrinsic defects such as va-
cancies or interstitials allow for the incorporation of impurities in more
than one conguration e.g. a single donor can be transferred into a single
acceptor by a nearby cation vacancy [3, 4]. This property of the II-VI's
favors the formation of compensating defects, which lead to a problem
in shallow donor or acceptor doping, but is favorable for the production
of high ohmic materials.
The starting point for this thesis were publications of Chen et al. on
oxygen-related defects in CdTe and CdSe identied by Fourier trans-
formed infrared (FTIR) absorption spectroscopy [57]. Chen et al. re-
ported on the detection of local vibrational modes (LVMs) at around 1100
and 2100 cm−1 in oxygen-doped crystalline CdTe and CdSe. In CdTe, two
signals at 1096.8 and 1108.3 cm−1 were attributed to LVMs of an OTe-VCd
complex [5,6]. A similar defect OSe-VCd was found in oxygen-doped CdSe
giving rise to three LVMs at 1094.1, 1107.5, and 1126.3 cm−1 [7]. Addi-
tionally, two absorption lines at 1991.8 and 2001.3 cm−1 were recorded in
oxygen-doped CdSe. The signals were assigned to be LVMs arising from
an OCd defect. First-principle calculations of several theoretician yielded
strong dierences between the experimental and calculated frequencies
of the defects [810]. The theoretician ruled out the assignments of Chen
et al. and proposed alternative defects, instead. The discrepancy be-
tween the experimental assigned and theoretically proposed defects was
the motivation of this work. This thesis identies the absorption lines
at around 1100 cm−1 in CdTe and CdSe as local vibrational modes of a
sulfur-dioxygen complex SO2* having various congurations and assigns
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the signals at 1991.8 and 2001.3 cm−1 in CdSe to vibrational modes of a
VCdH2 defect.
CdTe is a II-VI compound semiconductor revealing a zinc-blende crystal
structure. It exhibits a lattice parameter of a = 6.48 Å and a direct band
gap of 1.45 eV at room temperatures [11]. The material can be doped n-
[1214] and p-type [1517]. CdTe and Cd1-xZnxTe are used as material for
pixel x-ray, γ-ray, α-particle, and β-particle detectors [18, 19]. Recently,
solar cell panels containing CdTe have achieved an eciency of 20.4 %
[20]. In contrast to CdTe, the II-VI compound semiconductor CdSe has
a wurtzite crystal structure with lattice parameters of a = 4.30 Å and
c = 7.01 Å [11]. The material has a direct band gap of 1.73 eV at
room temperature and several defects were identied giving rise to donor
and acceptor states with the band gap [2132]. In solar cells, CdSe is
used for carrier multiplication to obtain two electron-hole pairs from one
photon [33, 34]. Due to the heavy host masses of CdTe and CdSe, there
are many lighter atoms which can be implemented in the materials.
Hydrogen and oxygen are light elements which often contaminate semi-
conductor materials. Hydrogen-related defects can give rise to local vi-
brational modes and can reveal donor and acceptor states within the
band gap. They are able to passivate donors and acceptors, or form
molecules [3553]. Oxygen-related defects can give rise to local vibra-
tional modes in semiconductors and they can reveal donor and acceptor
states [5, 5460].
FTIR absorption spectroscopy is a powerful tool to identify and investi-
gate LVMs. The identication of defects via this method can be achieved
by isotope substitutions, measurements with polarized light yielding the
alignment of modes, experiments where an uniaxial stress is applied to
the crystal which provide information of the defect symmetries, and by
annealing experiments revealing binding energies. So far, various LVMs
were identied in crystalline CdTe and CdSe by this method [6171].
This introduction is followed by a section in which some basic information
regarding LVMs and vibrational spectroscopy are presented for a better
understanding of this work. Chapter 3 contains detailed information on
the investigated crystal and explains the experimental setup. The fol-
lowing chapter deals with the identication of a sulfur-dioxygen complex
SO2* in CdTe and CdSe including a comparison of the complex in both
materials. In Chapter 5, the results and analysis concerning a VCdH2
defect in CdSe are presented. The last section of the thesis presents a
summary of the all obtained results.
Chapter 2
Physical fundamentals
This chapter provides physical fundamentals on local mode spectroscopy.
The rst subsection refers to local vibrational modes. The second part
refers to Fourier transform infrared absorption spectroscopy. The advan-
tages and capabilities of this method are presented.
2.1 Local vibrational modes
2.1.1 Denition
In 1975, Barker and Sievers investigated the inuence of a substituting
mass defect without a change of the force constants in the vicinity of the
atom [72]. They employed a linear chain consisting of 24 gallium and
24 phosphorus atoms in which the interaction is limited to the nearest
neighbors. The calculated dispersion curves are formed by 24 acoustic
and 24 optic modes. In the following, one of the gallium or phosphorus
atoms is substituted by an impurity atom with the mass m. The force
constant k remains unchanged.
1. A Phosphorus atom is replaced by a lighter impurity (m < MP).
The calculation reveals a mode with a higher frequency than the
highest optical mode. Its eigenvector is strongly localized in the
vicinity of the impurity atom and its nearest neighbors. Such a vi-
bration is called local vibrational mode (LVM). When the impurity
mass decreases the mode becomes more localized in the vicinity of
the impurity atom and the mode frequency are increased. The max-
imum frequency of the mode is given by ωmax =
√
2k/m, whereas
only the impurity atom vibrates.
2. If the Phosphorus atom is substituted by a heavier atom (m >
7
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MP), a new mode can appear which frequency is located in the gap
between the acoustic and optic band. Hence, the mode is called gap
mode. The motion of the mode includes the impurity and additional
neighboring atoms besides the nearest ones but it retains a certain
degree of localization.
3. The substitution of a Gallium atom by a lighter one with m < MGa
and m < MP leads to a LVM. If the substituting atom is heavier
than phosphorus (MP < m < MGa), a gap mode could arise.
4. A heavy impurity on the Gallium side (m > MGa) reveals no lo-
calized mode in the one-dimensional chain. In three-dimensional
crystals, broad absorption features can arise from such defects.
It was shown that the incorporation of an impurity whose mass is lighter
than the host atoms gives rise to LVMs. The modes include information
on the defect structure, concentration, and chemical composition. This
will be shown later on. The model of the linear chain refers only to substi-
tutional defects containing equal force constants. There are much more
complex defect structures in real crystals e.g. interstitials or molecules
which reveal vibrational modes. Depending on the crystal symmetry,
degeneracy of vibrational modes can occur.
2.1.2 Diatomic model
An empirical model for the quantitative description of LVMs is the di-
atomic model [73]. Here, an impurity atom of the mass m is bound to a
host atom of the mass M expressed by the force constant k. The binding
of the host atom to other lattice atoms is taken into account by adding
the empirical constant χ. The vibrational frequency ω for a diatomic
molecule is calculated by Eq. 2.1.
ω =
√
k
(
1
m
+
1
χ M
)
(2.1)
This expression shows the dependency of the frequency ω on the masses
of the defect which leads to a shift of the frequency referred to as isotopic
shift. Since many elements have more than one stable isotope, a vibra-
tional mode can reveal multiple signals according to dierent isotopic
combinations within the defect from which the elements of the defect
can be identied.
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The most drastic isotope shift occurs when hydrogen is substituted by its
own isotopes. A replacement of hydrogen (m = 1 amu)with deuterium
(m = 2 amu) shifts the frequency by the factor of
r = ωH/ωD =
√
2
χ M + 1
χ M + 2
, (2.2)
which is slightly smaller than the square root of 2.
In general, the chemical composition of a defect can be obtained via
its isotope satellites if the involved elements of the defect have more
than one stable isotope. The diatomic model ts pretty well for single
atom defects. More complex defect structures need more appropriate
models and calculation techniques to be studied in detail. The following
subsection refers to a commonly used method.
2.1.3 GF method
Wilson et al. developed a harmonic model for the description of vi-
brational frequencies of molecules [74]. It involves parameters such as
stiness of valence bonds, bond angles etc. which can be varied until the
best agreement with the experimental data is achieved. The atoms of the
molecule are handled by being treated as point masses having properties
connected via certain forces. The forces may be roughly expressed by
weightless springs which obey Hooke's law. This expression is good for
visualization but it is not sucient for all cases. The search of a potential
function for the description of the interatomic forces is quite important
in order to obtain a good agreement with the experiment. The entire
model has to obey the laws of quantum mechanics. When the molecule
is in its ground state, the (Born-Oppenheimer approximation [75]) can
be used to separated the molecule wave function into two parts. The
rst part governs the electronic motions and yields the forces between
the atoms while the second one provides the equation for the rotation
and vibration of the molecule.
In classical mechanics assuming small displacements of the atoms o their
equilibrium positions, the kinetic energy T of a molecule consisting of N
atoms is
2T =
N∑
α=1
mα
[(
d∆xα
dt
)
2 +
(
d∆yα
dt
)
2 +
(
d∆zα
dt
)
2
]
(2.3)
with ∆xα, ∆yα, and ∆zα being the displacements from the equilibrium
position of the α atom with the mass mα. Substituting the displacement
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coordinates by
q1 =
√
m1∆x1 , q2 =
√
m1∆y1 , q3 =
√
m1∆z1 , etc. (2.4)
yields
2T =
3N∑
i=1
q̇2i . (2.5)
For small displacements, the potential energy V can be expressed in a
power series
2V = 2V0+2
3N∑
i=1
(
∂V
∂qi
)
0
qi+
3N∑
j,i=1
(
∂2V
∂qi∂qj
)
0
qiqj+ higher terms (2.6)
The higher terms can be neglected. When all atoms are in their equi-
librium positions, the potential energy is at a minimum and the linear
term in Eq. 2.6 equals zero. V0 can thus be eliminated by setting the
equilibrium energy to zero. The potential energy is now given by
2V =
3N∑
j,i=1
(
∂2V
∂qi∂qj
)
0
qiqj =
3N∑
j,i=1
fijqiqj (2.7)
Newton's equation of motions written as
d
dt
∂T
∂q̇j
+
∂V
∂qj
= 0 j = 1, 2, ..., 3N (2.8)
yields 3N simultaneous second-order linear dierential equations having
solutions qi
qi = Aicos
(
λ
1
2 t+ ϵ
)
(2.9)
where Ai, λ, and ϵ are properly chosen constants. The values of λ have
to satisfy the secular equation⏐⏐⏐⏐⏐⏐⏐⏐
f11 − λ f12 ... f1,3N
f12 f22 − λ ... f2,3N
... ... ... ...
f3N,1 f3N,2 ... f3N,3N − λ
⏐⏐⏐⏐⏐⏐⏐⏐ = 0. (2.10)
The mathematical description of the vibration and rotation of a molecule
in its centerofmass coordinate system leads to the separation of the
complete wave function into a translation, rotation and vibration part.
A molecule consisting of N atoms has 3N degrees of freedom representing
the cartesian coordinates of the atoms. The handling of the molecule in
its center of mass system lowers the number of degrees of freedom to
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3N − 6 internal coordinates for a non-linear molecule and to 3N − 5 for
a linear molecule. These internal coordinates are changes of interatomic
distances and of angles between chemical bonds. Both are unaected
by translation or rotation. The 3N − 6(5) internal coordinates St of a
molecule are related to the 3N cartesian displacement coordinates ζi via
St =
3N∑
i=1
Btiζi t = 1, 2, ..., 3N − 6(5) (2.11)
with Bti being coecients determined by the geometry of the molecule.
Instead of three cartesian coordinates, the displacement of an atom can
be written as a vector σ⃗α representing the three cartesian displacement
coordinates ζi, ζi′ , and ζi′′ for one atom. The coecients Bti can be
grouped for a given St into sets of three, each set Bti, Bti′ , Bti′′ being
associated with a given atom α and forming a vector s⃗tα. So, Eq. 2.11 is
converted to a sum over scalar products of the two vectors.
St =
N∑
α=1
s⃗tα σ⃗α (2.12)
The vector s⃗tα can be interpreted as follow: If all atoms except atom α are
in their equilibrium positions, the vector s⃗tα is parallel to the direction
in which a given displacement of the atom α will produce the greatest
increase in St. Wilson et al. dened a matrix G consisting of coecients
Gtt' constructed by the vectors s⃗tα with µα = 1/mα (Eq. 2.13).
Gtt′ =
N∑
i=1
µαs⃗tα s⃗t′α (2.13)
Further, they showed that the kinetic energy T of the molecular vibration
can be expressed in terms of internal coordinates via
2T =
∑
tt′
(G−1)tt′ṠtṠt′ . (2.14)
The coecients (G−1)tt′ are related to Gtt′ by the equations∑
t′
(G−1)tt′Gt′t′′ = δtt′′ (2.15)
and ∑
t′
Gtt′(G
−1)t′t′′ = δtt′′ . (2.16)
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Figure 2.1  Schematic sketch of the SO2 molecule containing struc-
tural parameters
They also expressed the potential energy V of a molecule in internal
coordinates.
2V =
∑
tt′
Ftt′StSt′ (2.17)
with Ftt′ being the force constants gathered in a matrix F. The solving
of the vibrational problem with Eqs. 2.14 and 2.17 leads to the secular
equation GF− λI = 0 (2.18)
where the parameter λ is the eigenvalue of the matrix product G and F
representing the kinetic and potential energy of the molecule. The root
of λ provides the vibrational frequency/ies since it is more suitable to
use ω2 instead of λ.
The SO2 molecule is a proper example of a three atomic non-linear
molecule shown in Fig. 2.1. Its geometry is described by the SO bond
length of d=1.432 Å and the OSO angle of Φ = 119.5◦. It gives rise
to three fundamental vibrational modes: an asymmetric stretch mode
(1362 cm−1), a symmetric stretch mode (1151 cm−1), and a bending mode
(518 cm−1) [7679] (see Fig. 2.2). A three atomic non-linear molecule has
three internal coordinates namely the variations ∆r1/2 and ∆ϕ of the two
SO bond length r1/2 and the OSO angle ϕ, respectively. The two SO
bonds were assumed to be equal yielding r1 = r2. In order to obtain the
vibrational frequencies, the elements of the G matrix are calculated.
G =
⎛⎝m−1S +m−1O m−1S cosϕ − sinϕr m−1Sm−1S cosϕ m−1S +m−1O − sinϕr m−1S
− sinϕ
r
m−1S −
sinϕ
r
m−1S
2
r2
m−1O +
2
r2
m−1S (1− cosϕ)
⎞⎠ (2.19)
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Figure 2.2  Schematic sketch of the asymmetric stretch (top),
symmetric stretch (mid), and bending mode (bottom) of the SO2
molecule. Grew arrows account for the directions the atoms move.
Herzberg evaluated the vibrational frequencies of the SO2 by using the
potential function shown below [80] (see Eq. 2.20).
2V = kSO(∆r
2
1 +∆r
2
2) + kϕ∆ϕ
2 (2.20)
14 Chapter 2. Physical fundamentals
F =
⎛⎝kSO 0 00 kSO 0
0 0 kϕ
⎞⎠ (2.21)
The potential obeys the valence force approximation i.e. the forces that
are considered resist the extension, compression, bending or torsion of
valence bonds, while forces between non-bonded atoms are not directly
considered. The solution of the secular equation yields three frequencies
representing the three vibrational modes of SO2.
2.1.4 Anharmonicity
The Morse potential is a model for the description of anharmonic oscil-
lators [81]. In the dipole approximation, only fundamental transitions
∆n = ±1 are allowed with n being the quantum number of the oscilla-
tor. Within the Morse potential shown in Eq. 2.22, higher transitions e.g.
∆n = ±2 are allowed since it accounts for the anharmonicity of bonds.
V (x) = De[exp(−βx)− 1]2 (2.22)
Here, De is the binding energy. The potential becomes a harmonic one
for small values of x with a force constant of k = 2Deβ2. The quasi-exact
eigenvalues of Eq. 2.22 can be expressed by
En = ~ω(n) = ~ωe(n+ 1/2)− ωexe(n+ 1/2)2 (2.23)
with a harmonic frequency ωe = β
√
2De/µ and ωexe = ~β2/2µ [81].
Both depend on the reduced mass of the mode µ. Generally, the lighter
the isotopes the higher the anharmonicity term ωexe. A fundamental
result of the eigenvalues relation is that the double fundamental frequency
ωfund(= E(1) − E(0)) is always larger or equal to the frequency of the
rst overtone ωover(= E(2)− E(0)).
2ωfund≥ωover (2.24)
2.2 Local vibrational mode spectroscopy
The investigation of LVMs can be performed by Fourier trans-
form infrared (FTIR) absorption-, Raman-, photoluminescence- or
photoconductivity-spectroscopy. IR absorption spectroscopy is able to
probe the chemical composition, the concentration and thr local struc-
ture of vibrational defects. The method can also be used to investigate
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charge states of defects. IR absorption measurements while an uniaxial
stress is applied to the crystal can provide additional information on the
defect symmetry and reorientation kinetic.
2.2.1 Fourier transform spectrometer
The measurement of LVMs can be performed by Fourier transform in-
frared (FTIR) spectrometers. Here, the radiation emitted by a broad
band light source passes a Michelson interferometer, whereas the light is
split by a beam splitter which reects 50% of the beam onto a xed mir-
ror and transmits 50% of the beam onto a movable mirror. The beams
are reected and interfere at the beam splitter. This interfered beam
leaves the Michelson interferometer and illuminates the sample. The
transmitted light from the sample is recorded by a detector which trans-
forms the light into an electric signal and sends it to a PC which records
the interferogram. Fourier transformation of the obtained interferogram
delivers the IR spectrum. Measurements are typically recorded at low
sample temperatures. The cooling of the sample is achieved by mount-
ing the sample in a liquid helium cooled cryostat. The choice of light
source, beam splitter of the Michelson interferometer, window material
of the cryostat and detector is determined by the measurement range. A
distinction is made between far (125400 cm−1), mid (4004000 cm−1),
and near (400012500 cm−1) infrared.
FTIR spectrometers reveal advantages compared to dispersive instru-
ments. First is the time advantage or Felgett advantage. In contrast to
a monochromator where only a small spectral range can be measured at
each time step, FTIR records the entire spectral range at once. During
the time of the detection of a single spectrum by using a monochromator,
a FTIR spectrometer records the spectrum repeatedly and calculates the
average of all recorded spectra which leads into a better signaltonoise
ratio. The second advantage is named the Jaquinot advantage. It refers
to a lower detector noise compared to the signal since nearly the whole
beam intensity hits the detector compared to a dispersive spectrome-
ter. Therefore, it is possible to get a strong signal with a weak light
source. In general, these advantages lead to a higher sensitivity of FTIR
spectrometer versus dispersive instruments by two orders of magnitude.
2.2.2 Sensitivity
Not all vibrational modes can be detected with FTIR spectroscopy. As-
suming that the potential of a vibrational defect is a harmonic oscillator
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with eigenvalues En and eigenvectors Ψn. The excitation of a LVM by
FTIR is achieved by the coupling of the electric vector of the light to the
dipole moment of the mode. The transition probability wij from state
i to state j is proportional to the square of the matrix element of the
dipole moment p⃗ of the mode expressed in Eq. 2.25.
wij ∝ |⟨Ψj| p⃗ |Ψi⟩|2 (2.25)
Here, Ψi and Ψj are the initial and nal vibrational states, respectively.
The dipole moment p⃗ can be expanded in a Taylor series by the normal
coordinates of the mode. Equation 2.26 represents the expression for
the x component of the dipole moment.
px = px
(0) +
∑3N−6
1
px
k Qk + higher terms (2.26)
Similar expressions exist for the components in y and z direction. The
rst term on the right side of Eq. 2.26 px(0) is the static dipole moment
at the equilibrium position of the molecule. px(k) = (∂px/∂Qk)0 is the
coecient of the normal coordinate Qk. Higher terms are not taken into
account since their magnitude is expected to be quite small compared
to the rst two terms. The application of the dipole moment expansion
into Eq. 2.25 yields that the static dipole moment does not lead to a
vibrational transition due to the orthogonality of the eigenvectors of the
harmonic oscillator but transitions can be induced by the second term in
the dipole moment expansion. Thus, vibrational modes have to reveal a
dipole moment which changes during the vibration of the molecule to be
measured with FITR spectroscopy. Such modes are called sIR active.
2.2.3 Absorption
The intensity I of an electromagnetic wave which propagates through a
material with N dipoles per unit volume and a thickness dx is expressed
by
I(x+ dx) = I(x)(1− σNdx), (2.27)
which solution is
I(x) = I0 exp(−σNx), (2.28)
where σ is the absorption cross section. The integrated absorption A is
calculated via
A =
∫ ∞
0
α(ω)dω = N
∫ ∞
0
σ(ω)dω. (2.29)
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Following Dawber and Elliot [82], the integrated absorption of an oscil-
lating dipole is found to be
A =
πNq2
µnc2
. (2.30)
Here, q is the eective charge of the dipole and µ its reduced mass.
The parameter n accounts for the refractive index of the host material.
This relation determines the concentration of defects. The intensity ratio
A1/A2 of two absorption lines arising from isotopes 1 and 2 is approxi-
mated by their natural abundance.
A1
A2
=
µ2N1
µ1N2
≈ N1
N2
(2.31)
The approximation can be done when the elements are not too light
what would cause large variations in the reduced mass µ. In general, a
defect with more than one stable isotope would give rise to a number of
satellites equaling the number of isotopes.
2.2.4 Thermal frequency shift of local vibrational
modes
Frequencies of LVMs can increase or decrease with rising temperature.
The decrease in frequency with decreasing temperature can be attributed
to strengthened bonds due to the contraction of the host lattice. The O2i
defect in silicon [83] shows the opposite behavior by revealing an increase
in frequency with decreasing temperature. Coutinho et al. attributed
this behavior this to the buckling of the defect atom from the regular
bond direction [84]. Persson and Ryberg developed a model in which the
shift ∆ω of the frequency ω0 of a LVM is assigned to the coupling of the
LVM to a low-frequency mode (Eq. 2.32) [85].
∆ω =
δω
exp(E0/kT )− 1
(2.32)
Here, E0 is the energy of the low-frequency mode. The parameter δω is
related to the amplitude Q0 = (~/2mω0)1/2 of the zero-point motion of
the LVM. A detailed explanation of the derivation of Eq. 2.32 is presented
in the publication of Persson and Ryberg [85].
2.2.5 Uniaxial stress and orientation kinetic
Depending on the position of defects in the host lattice, LVMs can be
orientationally degenerated. A proper method to investigate the symme-
try of LVM are IR absorption measurements while an uniaxial stress is
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applied to the crystal. In general, the frequency shift of a non-degenerate
LVM ∆ωUAS due to a stress σik in linear approximation (Hooke's law)
can be expressed by Eq. 2.33.
∆ωUAS =
∑
ik
Aikσik (2.33)
Here, Aik is the piezoelectric tensor and σik are the components of the
stress tensor. In the case of a hydrostatic pressure σik = σδik, the fre-
quency shift is dened by the trace Tr(A) of Aik.
∆ω = σ
∑
ik
Aikδik = σTr(A) (2.34)
Further, the hydrostatic pressure can lower the degeneracy of a LVM
causing a splitting of the frequency of the degenerated LVM. The split-
ting pattern and the intensity ratios of the components combined with
their polarization dependence can yield identication of the mode sym-
metry. For cubic crystals like CdTe, Kaplanskii classied the splitting
behavior of LVMs along various directions [86]. The standard directions
are [100], [110], and [111] where the IR spectrum is recorded using lin-
early polarized light aligned parallel and perpendicular to the applied
stress. The relevant symmetry can be obtained by the number and in-
tensity ratios of the split components of each stress direction. McGlynn
and Henry performed a theoretical investigation of the splitting behavior
of point defects in wurtzite host crystals among arbitrary directions and
found quite good agreement of their predictions with known experimen-
tal data [87]. Defects in wurtzite lattices can exhibit trigonal (C3V and
C3), monoclinic (C1h) or triclinic (C1) symmetry.
Another feature of uniaxial stress measurements is the stress induced
dichroism [55]. This method is used to investigate energy barriers of de-
fects having orientationally degenerate positions in the lattice. In equi-
librium, orientationally degenerate positions of a defect are all equally
populated. This is shown for a threefold degenerate defect in the top
picture of Fig. 2.3.
The degenerate positions are separated by an activation energy barrier
EA. Uniaxial stress applied to a specic crystal direction leads to changes
of the potentials of the three positions which is shown in the bottom pic-
ture of Fig. 2.3. Here, the middle position become energetically deeper
by an energy of ∆E when compared to the other two positions. The
change of the potential depths generates new equilibrium populations
for the three positions correlated to the binding energy dierence ∆E.
The new equilibrium populations under stress can be achieved quickly,
when the crystal temperature is increased above a critical temperature.
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Figure 2.3  Top: Potential energy of a threefold degenerate defect.
Bottom: Potential energy of a threefold degenerate defect perturbed
by uniaxial stress. Orange lines represent the energies of the defect
vibrational ground (n=0) and rst exited state (n=1).
After the stress is removed at low temperatures, the populations at the
three positions dier from each other. IR absorption measurements with
linearly polarized light parallel and perpendicular to the stress direction
lead to an intensity ratio I∥/I⊥ which is dierent compared to the inten-
sity ratio of the defect having equally populated positions. This change
of the intensity ratio I∥/I⊥ is called dichroism. There are two procedures
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to regain the equilibrium population and determine the energy barrier
EA: isochronal and isothermal annealing. The former procedure is real-
ized by increasing the crystal temperature to a certain value for a specic
time and subsequently recording an IR spectrum after re-cooling to the
measurement temperature. The temperature is increased until a change
of the intensity ratio has been observed. The annealing time is kept
constant for each temperature. For isothermal annealing, the crystal
temperature is increased and kept constant at a specic value whereas
IR absorption spectra are recorded continuously. Corbett et al. studied
the activation barrier of interstitial oxygen, Oi, in silicon [55]. They ob-
tained an energy barrier of around 2.5 eV between the four equivalent
positions of the defect.
This method can also be used to determine energy barriers between
ground and metastable states of a complex arising from dierent posi-
tions within the lattice. An example is the OH vibrational mode in the
zinc vacancy in ZnO which occurs in two congurations [88]. One mode
is aligned parallel to the c-axis of the wurtzite ZnO crystal whereas the
other one is perpendicular to the c-axis. The congurations are separated
by an energy barrier of around 1 eV.
Chapter 3
Experimental methods
3.1 Experimental setup
The IR absorption on the semiconductor crystals was measured with
Fourier transform infrared absorption spectroscopy. A BOMEM DA3.01
spectrometer was used. This was equipped with a SiC light source (200
10000 cm−1), a KBr beam splitter (4004500 cm−1), and a HgCdTe IR
detector (5004000 cm−1). The values given in brackets refer to the emis-
sion, transmission, and detection range, respectively. The samples were
mounted in a helium exchange cryostat from Oxford Instruments. ZnSe
and KBr were used as the inner and outer window materials, respectively.
The measurement temperature could be changed from room temperature
down to 10 K. The resolution was varied in the range of 0.10.5 cm−1.
A wire-grid polarizer with a KRS-5 substrate was used to perform IR
absorption measurements with linear polarized light.
In order to apply uniaxial stress on the crystal, a home-built stress rig
was mounted in the cryostat. The stress was supplied by a pneumatic
cylinder and transfered via a push rod to the longest axis of the sample.
3.2 Preparation techniques
In order to introduce impurities into the crystals, a quartz ampoule was
prepared by lling with the appropriate amount of required gas and/or
powder at room temperature and subsequently sealed. A tube furnace
controllable up to 1200 ◦C heated the ampoule and its content for a
specied time. This treatment was terminated by quenching the quartz
ampoule to room temperature in water. The gases lled in the ampoules
were hydrogen, deuterium, oxygen, or argon. The latter acts as inert
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gas and the other three have been chosen to dope the crystals. CdSO4
powder was used to introduce oxygen and sulfur into the crystals being
performed by the crystal supplier Freiburger Materialforschungszentrum
(FMF).
A few samples were polished by hand to get plane-parallel sides. It was
realized by using sandpaper of dierent granularity down to a diameter
of 5 µm. The sandpaper was covered with a small lm of water for safety
reasons.
3.3 Samples
3.3.1 CdSe
Three dierent sets of wurtzite CdSe single crystals were used in this
study. In general, all samples were high-resistivity, polished, (112̄0) ori-
entated single crystals without intentional doping.
The rst set of crystals was grown via the seeded chemical vapor trans-
port method by ANAU Berlin-Lab GmbH, and contained three samples
having a size of 1x2.2x5 mm3. Two samples ANAU 1 and ANAU 2 were
sealed at room temperature in a quartz ampoule lled with 0.5 bar of
argon and oxygen, respectively. Subsequently, the samples were annealed
at 700 ◦C for 1 h. The oxygen-doped ANAU 2 crystal was used for IR
absorption measurements under uniaxial stress. The stress was applied
along the longest axis which was parallel to the [11̄00] direction. Fur-
ther, the ANAU 2 crystal got additional treatments in ampoules lled
with 0.5 bar argon at 600 ◦C up to 800 ◦C in 50 K steps for 30 minutes
each. The third crystal ANAU 3 was annealed in an ampoule lled with
0.5 bar of H2 at 500 ◦C for 1 h.
The second set contained two CdSe single crystals, which were grown
by the high-pressure vertical Bridgman method and were delivered from
Cradley Crystals. Their size was 5x5x0.5 mm3 each. The rst sample
CC 1 was placed in a sealed quartz ampoule lled with 0.5 bar of oxygen
and annealed at 700 ◦C for 1 h. The second crystal CC 2 was placed in
an ampoule lled with 0.5 bar H2 and annealed at 500 ◦C for 1 h.
The last set of samples consisted of four 5x5x1 mm3 single crystals or-
dered from the Research Institute of Material Science and Technology
(RIMST). No information on the growth technique was provided by the
supplier. The rst and second crystal RIMST 1 and RIMST 2 was an-
nealed in an ampoule lled with 0.5 bar of H2 and D2 at 500 ◦C for 1 h,
respectively. The hydrogen-doped sample RIMST 2 was placed in an
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Table 3.1  List of all CdSe samples and their received treatments.
ANAU 1-ANAU 3 refers to crystals from ANAU Berlin-Lab GmbH,
CC 1 and CC 2 to Cradley Crystals, and RIMST 1RIMST 4 to
Research Institute of Material Science and Technology
Sample Ambient Temperature Duration
ANAU 1 0.5 bar Ar 700 ◦C 1 h
ANAU 2
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
0.5 bar O2 700 ◦C 1 h
0.5 bar Ar 600 ◦C 30 min
0.5 bar Ar 650 ◦C 30 min
0.5 bar Ar 700 ◦C 30 min
0.5 bar Ar 750 ◦C 30 min
0.5 bar Ar 800 ◦C 30 min
ANAU 3 0.5 bar H2 500 ◦C 1 h
CC 1 0.5 bar O2 700 ◦C 1 h
CC 2 0.5 bar H2 500 ◦C 1 h
RIMST 1
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
0.5 bar H2 500 ◦C 1 h
0.5 bar Ar 400 ◦C 30 min
0.5 bar Ar 425 ◦C 30 min
0.5 bar Ar 450 ◦C 30 min
0.5 bar Ar 475 ◦C 30 min
0.5 bar Ar 500 ◦C 30 min
0.5 bar Ar 525 ◦C 30 min
0.5 bar Ar 550 ◦C 30 min
RIMST 2 0.5 bar D2 500 ◦C 1 h
RIMST 3 0.5 bar H2+D2 500 ◦C 1 h
RIMST 4 0.5 bar O2 700 ◦C 1 h
ampoule lled with 0.5 bar argon and annealed at 400 ◦C for 30 minutes.
This annealing procedure was repeated by increasing the temperature in
25 K steps up to 550 ◦C. RIMST 3 was annealed in a 50:50 mixture of
H2 and D2 at 500 ◦C for 1 h. The remaining fourth crystal RIMST 4 was
placed in an ampoule containing 0.5 bar oxygen and annealed at 700 ◦C
for 1 h.
All samples and their treatments are displayed in Tab. 3.1.
3.3.2 CdTe
The Freiburger Materialforschungszentrum (FMF) delivered two high-
resistivity CdTe single crystals. The samples were intentionally doped
with chlorine. They were 5x5x1 mm3 size each. No information on the
conduction type and growth technique could be provided by the supplier.
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One crystal, labeled as FMF 1 was sealed in a quartz ampoules lled with
16 mg of CdSO4 and 0.25 bar of argon and annealed at a temperature
of 850 ◦C for a duration of 5 h. This treatment was performed at the
FMF. In order to perform IR absorption measurements with uniaxial
stress applied, the sample edges were polished yielding a sample size of
1x2.2x3.6 mm3. The stress was applied parallel to the [001] direction of
the CdTe crystal. The second crystal, FMF 2, was not treated.
Chapter 4
Sulfur-dioxygen complex in
CdTe and CdSe
4.1 SO2* complex in CdTe
4.1.1 Introduction
Recent publications by Chen et al. have reported on the identication
of oxygen-related defects in CdTe single crystals [5,6]. The crystals were
grown by the vertical Bridgman technique using pure CdTe and specic
amount of CdO or TeO2. The recorded IR spectra were dominated by
two absorption lines located at 1096.8 (ν1) and 1108.3 cm−1 (ν2) with
ν2 having nearly twice the intensity of ν1 (see Fig. 4.1). The authors
interpreted the number and intensity of the lines as signs of a defect
with C3V symmetry giving rise to two LVMs ν1 and ν2. They postulated
that oxygen replaces an isovalent Te anion and forms with a nearby Cd
vacancy a OTe-VCd complex (see Fig. 4.2). Here, ν1 is the nondegenerate
Γ1 mode in which the oxygen atom vibrates parallel to the VCdOTe
direction and ν2 is the doubly degenerate Γ3 mode vibrating in the plane
perpendicular to the VCdOTe direction.
The authors obtained a relation of the absorption lines ν1 and ν2 to the
oxygen content of the CdTe crystals. They grew CdTe single crystals on
their own and used pure CdTe and dierent amounts of CdO or TeO2
to provide oxygen. With increasing amount of CdO, the intensities of ν1
and ν2 increased as well (see Fig. 4.3. Further, the more TeO2 was used
during the growth the stronger became the signals ν1 and ν2.
Further, Chen et al. probed the temperature dependence of the ν-modes.
With increasing temperature, ν1 reveals a blue-shift in frequency and ν2
a red-shift. The absorption lines merge at around 300 K. Both signals
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Figure 4.1  IR absorption spectrum of an oxygen-doped CdTe sin-
gle crystals. Picture was taken from Ref. [6]
Figure 4.2  Model of the OTe-VCd complex in CdTe. Picture was
taken from Ref. [6]
become broader with increasing temperature. The merging was explained
by a dynamic switching of the OTe-VCd dangling bond among the four
[111] directions. This results in an increase of the complex symmetry
from C3v to Td. At around 2200 cm−1, two additional absorption lines ν4
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Figure 4.3  Dependence of the ν1 and ν2 intensities on the amount
of CdO used during crystal growth. Picture was taken from Ref. [6]
and ν5, located at 2198.7 and 2210.5 cm−1, were obtained. The modes
were attributed to be the rst overtone frequencies of ν2 and ν1.
In order to suppress the concentration of VCd, Chen et al. grew CdTe
crystals with an addition of CdO and an excess of Cd [5, 6]. A single
absorption line at 349.8 cm−1 (ν0) was resolved. Its intensity increased
when the amount of CdO used during growth was increased. From an
extrapolation of the LVM of STe in CdTe [66], the authors assigned the
ν0 mode to the LVM of OTe. The defect revealed a second harmonic
frequency at 695.7 cm−1.
Density functional calculations concerning the OTe and OTe-VCd defect
have been performed by Du et al. and Thienprasert et al. [9, 89]. It was
found that their calculated vibrational frequency of around 340 cm−1
of the OTe defect was in good agreement with the experimental value
of 349.8 cm−1. Otherwise, both groups questioned the identication of
ν1 and ν2 as LVMs of the OTe-VCd complex. The vibrational frequen-
cies of an OTe near a cadmium vacancy are around 3 times higher when
compared to the values of an unperturbed OTe. Since the force con-
stant is quadratic to the vibrational frequency, the CdO bond has to
be enhanced by a factor of 9 due to a neighboring VCd, which is un-
likely. Theoretician also remarked that the intensity ratio of ν1 and ν2
can not be explained easily by the degeneracy of the modes as Chen et
al. did [89]. Further, Du et al. and Thienprasert et al. calculated the
frequencies of the OTe-VCd complex to be around 196 (ν1) and 470 cm−1
(ν2), which are far below 1100 cm−1, and both groups ruled out the OTe-
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VCd complex to give rise to ν1 and ν2 [9, 89]. Instead, hydrogen-related
defect were suggested causing the discussed absorption lines. Zhang et
al. remarked doubts on the OTe-VCd complex [8] which were replied by
Chen et al. [90] where they underlined their assignment and contradicted
the incorporation of hydrogen to the observed absorption lines as it was
proposed by Zhang. Cheng et al. performed rst-principle calculations
on the OTe-VCd complex. They contradict the assignment of ν1 and ν2
to this complex and proposed an O2-VCd defect to give rise to the two
absorption lines, instead [91,92].
Further problems with the assignment of ν1 and ν2 to OTe-VCd are shown
in Fig. 4.1. Here, two weak absorption lines at approximately 1094 and
1101 cm−1 are visible. Both signals reveal the same dependence on oxy-
gen like the ν-modes indicating a common origin (see Fig.4.3). An assign-
ment of theses signals to 18OTe-VCd and 17OTe-VCd satellites of ν2 seems
inappropriate since the relative intensities of the two signals and ν2 do
not t the natural abundance of the oxygen isotopes 18O (0.2 %), 17O
(0.04 %) and 16O (99.76 %). Moreover, the assignment of the absorp-
tion lines ν4 and ν5 to be overtone frequencies of ν2 and ν1 meets serious
diculties. The model of the Morse potential and its quasi-exact eigen-
values are suited to evaluate fundamental and overtone frequencies [81]
and leads to the relation
2× ωfund≥ωover. (4.1)
In the case of ν1 and ν5, this condition is not fullled indicating that the
assignment of ν4 and ν5 as rst overtones is incorrect.
2ν1(2× 1096.8 cm−1 = 2193.6 cm−1) < (2210.5 cm−1)ν5.
The experimental data of this thesis and its analysis yield a sulfur-
dixoygen complex SO2* as a better model to give rise to the two ab-
sorption lines 1096.8 (ν1) and 1108.3 cm−1 (ν2) in CdTe.
4.1.2 Results and analysis
General features of the absorption lines
Figure 4.4 shows a section of an IR absorption spectrum from the FMF 1
CdTe sample treated in CdSO4 at 850 ◦C. It is dominated by two ab-
sorption lines at 1096.8 (ν1) and 1108.3 cm−1 (ν2) previously reported by
Chen et al. [5,6]. Their notation is adopted. Beside ν1 and ν2, additional
signals located at 1082.8, 1089.5, 1094.3, and 1101.1 cm−1 were detected.
Note that the absorption lines at 1094.3 and 1101.1 cm−1 can already be
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Figure 4.4  IR absorption spectrum (black) of the FMF 1 crystal.
Parts of the spectrum are enhanced by the factor of 10 (red curve).
The resolution was 0.25 cm−1. Spectrum was recorded at 10 K.
seen in Fig. 1 of Refs. [5, 6]. Here, the IR spectrum was limited to the
range of 1092 to 1112 cm−1 which prevents the observation of the addi-
tional signals obtained in Fig. 4.4. The relative intensities of the 1108.4
(ν2), 1101.1, and 1094.3 cm−1 lines (94.4 ± 0.1 : 1.4 ± 0.4 : 5.4 ± 0.6)
are close to the natural abundance of the three dominant sulfur isotopes
32S (95.0 %), 33S (0.8 %), and 34S (4.2 %) [93] which suggests the in-
corporation of a single sulfur atom in the defect giving rise to ν2. The
same result is valid for the absorption lines at 1096.8 (ν1), 1089.5, and
1082.8 cm−1 whose relative intensities are 94.7±0.1 : 0.9±0.5 : 4.5±0.7.
In combination with the oxygen relation of ν1 and ν2 proven by Chen
et al., the two absorption lines can be assigned to be LVMs of a sulfur-
oxygen complex SOn*. The asterisk should underline the dierence of the
complex to a free SOn molecule. The ν-lines were absent in the undoped
FMF 2 crystal.
The number n of oxygen atoms involved in SOn* can be obtained from
the intensity of LVMs related to the 18O isotope which reveal a natural
abundance of only 0.2 %. According to the natural abundance of the
oxygen and sulfur isotopes [93,94], the next likely isotope combination is
the 32S16On-118O* satellite with an intensity of n×0.2 % of the dominant
satellite 32S16On*. The weak signal at 1081.2 cm−1 can be attributed to
the 32S16On-118O* satellite of ν1. Its intensity yields n = 2 and a sulfur-
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dioxygen complex SO2*. No 18O-related satellite could be observed for
ν2. All frequencies and isotope assignments are listed in Tab. 4.1.
To support the assignment, a t of the frequencies of the sulfur-dioxygen
complex SO2* was done by handling it as a free SO2 molecule (see Fig. 2.1
in Chap. 2). SO2 gives rise to three vibrational modes where only the
asymmetric stretch mode (1362 cm−1) is IR active. The symmetric
(1151 cm−1) and bending modes (518 cm−1) are IR inactive [7679].
While the inuence of the bending mode was neglected for simplica-
tion, the calculation of the harmonic frequencies was done in the valence
force approximation by solving the secular equation Eq. 2.18 with
G =
(
µ−11 m
−1
S cosϕ
m−1S cosϕ µ
−1
2
)
, F =
(
k 0
0 k
)
. (4.2)
Here, µ−11(2) = m
−1
S + m
−1
O1(O2)
are the reduced masses of the two oxygen
atoms bound to the sulfur atom and ϕ as well as k are the ^ OSO angle
and the force constant of the SO bonds. The solution of the secular
equation 2.18 yields
ωasym =
√k
⎛⎝ 1
2µ1
+
1
2µ2
+
√[
1
2µ1
− 1
2µ2
]2
+
cos2ϕ
m2S
⎞⎠ (4.3)
for the asymmetric stretch mode. The experimental obtained frequencies
were used to t the parameters k and ϕ of both groups of absorption
lines. In general, the calculated frequencies, using the parameters k and
ϕ obtained from the t with Eq.4.3, are in very good agreement with the
experimental frequencies (see Tab. 4.1). This underlines the applicability
of the asymmetric stretch mode of the SO2 molecule as a tting model.
Further, the tted ^ OSO angles of 121 ± 1◦ and 120 ± 1◦ are close to
Table 4.1  Summary of all experimental and tted frequencies of
the SO2* complex (in cm−1) and tting parameter.
32S16O2* 33S16O2* 34S16O2* 32S16O18O*
Group ν1 Exp. 1096.8 1089.5 1082.8 1081.2
Calc. 1096.8 1089.5 1082.7 1081.2
Para. k=6.5×102 N/m ϕ = 121± 1◦
xe = 0.048
Group ν2 Exp. 1108.3 1101.1 1094.3 
Calc. 1108.3 1101.1 1094.3 1092.5
Para. k=6.6×102 N/m ϕ = 120± 1◦
xe = 0.051
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Figure 4.5  IR absorption spectrum of the FMF 1 crystal in a
higher wave number range. The resolution was 0.25 cm−1. Spectrum
was recorded at 10 K.
the angle of 119.5◦ of the free SO2 molecule [80]. This yields a similar
structure for the complex compared to the free molecule. The frequency
of the asymmetric stretch mode of the free SO2 molecule (1362 cm−1)
is higher when compared to the two stretch modes ν1 and ν2 of SO2*
indicating an interaction of the complex with the host lattice.
A careful view in higher frequency regions yields two additional absorp-
tion lines at 2078.3 (ν ′1) and 2089.8 cm
−1 (ν ′2) (shown in Fig. 4.5). Their
intensities are far below the intensities of ν1 and ν2 and their frequencies
are slightly smaller than twice the frequencies of ν1 and ν2. The signals
could be the rst overtones of ν1 and ν2. A good model for the eval-
uation of fundamental frequencies and overtones is the Morse potential
since it allows higher transitions than the fundamental one compared to
the harmonic oscillator [81]. Its quasi-exact eigenvalues En = ~ω(n) are
given by Eq. 2.23.Here, ω0 and xe are the harmonic frequency and the
anharmonicity parameter, respectively. The fundamental ωfund and rst
overtone transition ωover have frequencies of
ωfund = ω(1)− ω(0) = ω0 − 2ω0xe
ωover = ω(2)− ω(0) = 2ω0 − 6ω0xe
with 2ωfund≥ωover
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Figure 4.6  Top: IR absorption spectra recorded after applying a
stress F of 8.5 MPa parallel to [001] direction of the crystal. The
resolution was 0.5 cm−1. Spectra were recorded at 10 K. Bottom:
Frequencies as a function of applied stress. Linearly polarized light
parallel (black) and perpendicular to the stress (red). Solid lines are
linear ts.
The latter condition is fullled by ν1' and ν1 as well as by ν2' and ν2.
The obtained anharmonicity parameters are 0.048 for ν1 and 0.051 for ν2
(see Tab. 4.1). ν1' and ν2' are assigned to the rst overtone frequencies
of ν1 and ν2. Chen et al. have already assigned two signals at 2198.7 (ν4)
and 2210.5 cm−1 (ν5) to be the rst overtones of ν2 and ν1 but ν1' and
ν2' are much better candidates as rst overtones frequencies.
The illumination of the FMF 1 crystal by a Hg-lamp during an IR ab-
sorption measurement did not lead to a change in the absorption lines
which is indicative of no electrical activity of the SO2* complex.
Uniaxial stress
To obtain information about the defect symmetry, IR absorption mea-
surements with uniaxial stress applied to the [001] direction of the FMF 1
sample have been performed. The probing light was either linearly po-
larized parallel or perpendicular to the stress. The lower diagrams in
Fig. 4.6 show the splitting behavior of ν1 (left) and ν2 (right). The for-
mer revealed no splitting both parallel and perpendicular to the stress.
In both directions, the frequency underlines a weak red-shift with rising
stress approximately -2 cm−1/GPa (∥ to the stress) and -3 cm−1/GPa (⊥
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Figure 4.7  IR absorption spectra of the FMF 1 sample under a
stress F of 5.5 MPa applied parallel to the [001] direction of the
crystal measured with linearly polarized light parallel (top) and per-
pendicular (bottom) to the stress. Black spectra were recorded after
applying the stress to the crystal. Red spectra were recorded after
an annealing of the crystal at 20 K for 15 min under stress. The
resolution was 0.5 cm−1. Spectra were recorded at 10 K.
to the stress), respectively. The intensities of the parallel and perpendic-
ular component dier only marginally.
The signal of ν2 parallel to the applied stress revealed no splitting and
shifted downwards in frequency with increasing stress by approximately -
20 cm−1/GPa. Perpendicular to the stress, ν2 splits into two components
of similar intensity. The shift rates are -13 and 36 cm−1/GPa. A t
of the intensities of the absorption lines with Voigt prole line shapes
yield that the intensity of the component parallel to the applied stress
is nearly twice as much as the two "perpendicular" signals. Kaplyanskii
provides information on the splitting behavior of LVMs in the zinc-blende
lattice due to uniaxial stress [86]. On the one hand, if the parallel and
perpendicular component of ν1 are assumed to be two dierent lines
according to the small dierences in shift rates, then the symmetry of the
ν1 mode is tetragonal. On the other hand, if the components are equal,
then the symmetry is trigonal following Kaplyanskii in both cases. There
are two possible symmetries for the ν2 mode [86]. Its splitting pattern
can be explained by an orthorhombic I or II symmetry as well as by a
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Figure 4.8  IR absorption spectra of the FMF 1 sample after re-
moving the stress (black) and after an annealing at 18 K for 15min
(red). The resolution was 0.5 cm−1. Spectra were recorded at 10 K.
monoclinic I or II symmetry.
Figure 4.7 shows the inuence of annealing the FMF 1 crysral while a
stress F of 5.5 MPa is applied to the sample. It can be seen that the
parallel and perpendicular component of ν1 decrease in intensity due to
the annealing under uniaxial stress at 20 K for 15min. The intensities
dropped by a factor of 2. The parallel component of ν2 revealed no
changes due to annealing. Otherwise, its two perpendicular components
showed changes in intensity. The lower energetic mode decreased by the
same amount of intensity as the higher energetic mode increased.
When the stress F was removed at 10 K following the annealing process,
the intensity ratio of ν1 and ν2 is 1:5 (see black spectrum in Fig. 4.8). For
comparison, the equilibrium population at 10 K yields an intensity ratio
of about 1:2 (see Fig. 4.4). The recovery of the equilibrium populations of
the two congurations can be achieved quickly by increasing the crystal
temperature. It was observed that an annealing at Tc = 17 − 18 K for
15min leads to an intensity ratio of 1:2 of ν1 and ν2 depicted by the
red spectrum in Fig. 4.8. Here, the intensity of ν1 is increased while ν2
remained constant when compared to the black spectrum. Annealings
below 17 K for 15min did not aect the intensity ratio.
The critical temperature Tc can be used to determine the activation en-
ergy barrier Ea between the two congurations ν1 and ν2. The process
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Figure 4.9  Thermal frequency shift of ν1 and ν2 according to
temperature from 10 up to 100 K
yielding to equilibrium distribution can be seen as jumps of the SO2*
complex between the two congurations. Its duration τ is related to Tc
and Ea via
τ−1 = υ0 exp(−Ea/kTc). (4.4)
Here, υ0 is an attempt frequency representing the base "jumping rate" of
the complex. Eq. 4.4 can be interpreted as relation of the jumping rate
τ−1 of the complex according to the energy barrier Ea between the two
congurations and the temperature Tc [95]. Lavrov et al. calculated the
energy barrier of the hydrogen motion within a CuH2 complex by using
Eq. 4.4. They chose an υ0 of about 1012 − 1013 s−1 which value is also
used for this complex. From Eq. 4.4, the activation energy barrier can
be calculated by
Ea = kTc ln(υ0 τ). (4.5)
The experiment revealed that after an annealing at Tc=17-18 K for
τ=15min the equilibrium distribution of the two congurations ν1 and
ν2 are achieved yielding an activation energy of Ea = 53± 4 meV.
Thermal frequency shift
Figure 4.9 depicts the shift of the frequency of ν1 and ν2 depending on
the measurement temperature. With rising temperature, ν1 reveals a
blue shift up to 1.2 cm−1 at 100 K with respect to the frequency value
at 10 K. On the contrary, ν1 drops in frequency with rising temperature.
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Figure 4.10  Intensity ratio of ν2 and ν1 as a function of tem-
perature from 20 up to 100 K. Red line represents a t using the
Boltzmann distribution
At 100 K, the frequency is shifted about 1.3 cm−1. This shift behavior
is in good agreement with the literature where the lines were found to
merge at around 300 K [5,6].
Beside the frequency shift as a function of temperature, the change of
the intensity ratio of ν1 and ν2 has also been recorded. This is shown
in Fig. 4.10. The intensity ratio ν2/ν1 increases with rising tempera-
ture. Due to this trend, ν1 can be seen as the ground state and ν2 as
a metastable state. The red line represents a t of Boltzmann statistics
(see Eq. 4.6).
I(ν2)
I(ν1)
=
g2
g1
e
− ∆E
kBT (4.6)
Here, g1/2 is the degree of degeneracy of ν1/2 and∆E is the binding energy
dierence between ν1 and ν2. Except for the data point at around 80 K,
Boltzmann statistics explains the trend of the intensity ratio I(ν2)/I(ν1)
according to the temperature well. The best-t data are g2/g1 = 2 and
∆E = 0.5± 0.1 meV.
4.1. SO2* complex in CdTe 37
4.1.3 Discussion
Two absorption lines at 1096.8 (ν1) and 1108.3 cm−1 (ν2) have been
detected in a CdTe single crystal treated in CdSO4 powder at 850 ◦C.
The signals are attributed to local vibrational modes of a sulfur-dioxygen
complex, SO2* which is discussed in detail in the following.
Chemical composition The literature has already shown that ν1 and
ν2 are related to oxygen and have a common origin since they always
appeared together in the recorded spectra [5, 6]. The FMF 1 CdTe
crystal received a treatment in CdSO4 powder at 850 ◦C. As a conse-
quence of the treatment, ν1 and ν2 were detected in the IR spectrum as
well as additional absorption lines at 1081.2, 1082.8, 1089.5, 1094.3, and
1101.1 cm−1 (see Fig. 4.4). The relative intensities of the lines ν1, 1089.5,
and 1082.8 cm−1 match the natural abundance of 32S, 33S, and 34S well.
The same result was obtained from the relative intensities of the signals
ν2, 1101.1, and 1094.3 cm−1 which are also close to the abundance of the
sulfur isotopes. So far, ν1 and ν2 can be identied as LVMs of a sulfur-
oxygen complex, SOn*. It should be noted that the signals at 1094.3,
and 1101.1 cm−1 can already be seen in Fig. 1 of Ref. [5] and [6]. The
authors did not take them into account although they show a relation to
the oxygen concentration in the CdTe samples (Fig. 3 in Ref. [6]).
In order to obtain the number n of oxygen atoms involved in the SOn*
complex, at least one 18O-related satellite of the ν-modes is neces-
sary. According to the natural abundance of sulfur and oxygen isotopes,
32S16On-118O* is the next most probable isotope combination besides the
sulfur satellites. The abundance of 18O is only 0.2 % [94] which yields an
intensity ratio from the 32S16On-118O* satellite to its ν-mode of
I(32S16On-1
18O∗)
I(32S16On∗)
= n
0.2
99.76
≈ n
500
(4.7)
The weak absorption line at 1081.2 cm−1 (see Fig. 4.4) is attributed to the
32S16On-118O* satellite of ν1. Its intensity leads to n = 2 and therefore to
a sulfur-dioxygen complex, SO2*. Although ν2 reveals a higher intensity
than ν1 the signal at 1081.2 cm−1 was assigned to the latter. This is
supported by the t of the observed frequencies. The equation of the
asymmetric stretch mode (1362 cm−1) of the free SO2 molecule [7679]
was used to t the observed absorption lines. The tted frequencies are
in very good agreement with the experimental data (see Tab. 4.1). There
is only one marginal mismatch in frequency of 0.1 cm−1 at the 34S16O2
satellite of ν1. Moreover, the obtained SOS angles of ϕ = 121± 1◦ and
ϕ = 120± 1◦ are quite close to the one of the SO2 molecule (119.5◦) [80].
This implies a similar defect geometry of the sulfur-dioxygen complex
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compared to SO2. An equivalent 32S16O18O* satellite for ν2 could not
be found at either the proposed position of the t nor at another one.
This is discussed in detail later on. The fact that SO2* gives rise to two
absorption lines, ν1 and ν2, can be explained via two congurations of
the complex within the CdTe lattice. According to the literature, the
primary assignment of ν1 and ν2 was a OTe-VCd. This complex is ruled
out by the ndings of this work.
Besides the ν-modes and their satellites, two additional absorption lines
at 2078.3 (ν1') and 2089.8 cm−1 (ν2') were obtained (see Fig. 4.5). They
were assigned to the rst overtones of ν1 and ν2. The Morse potential is an
established model for the description of vibrational frequencies and their
overtones [81]. Its eigenvalues En = ~ω(n) yield 2ωfund≥ωover whereas
the frequency of the overtone ωover does not exceed the double of the
fundamental frequency ωfund.
2ν1(2× 1096.8 cm−1 = 2193.6 cm−1) > (2078.3 cm−1)ν ′1
2ν2(2× 1108.3 cm−1 = 2216.6 cm−1) > (2089.8 cm−1)ν ′2
The obtained anharmonicity parameters are 0.048 for ν1 and 0.051 for
ν2.
The origin of the previous overtones ν4 and ν5 reported by Chen et al.
remains uncertain. A relation to the SO2* complex via a coupling of
its asymmetric stretch mode to a bending mode of the complex or a
phonon is possible. The energy dierence of ν4 to ν1' and of ν5 to ν2' is
around 120 cm−1 which is close to the ωLA(L) phonon having an energy
of 108 cm−1 [96]. However, there is no clear evidence for this assumption.
Furthermore, other defects can not be excluded to give rise to ν4 to ν5.
Thermal behavior The absorption lines ν1 and ν2 reveal a frequency
shift according to the temperature (see Fig. 4.9). The former shifts up-
wards in frequency and the latter exhibits a red-shift with rising tem-
perature. Chen et al. investigated the inuence of the temperature on
the frequencies up to 320 K [5, 6] and determined a merging of ν1 and
ν2 at around 300 K. In their model, the Cd vacancy of the OTe-VCd
complex becomes movable with rising temperature which lifts the defect
symmetry from C3V to Td and only one absorption line remains in the IR
spectrum according to the symmetry. In this thesis, the merging of the
absorption lines within the SO2* model can be explained by the decreas-
ing dierence of the two congurations of the complex with increasing
temperature. The atoms of the lattice and complex move around their
equilibrium position, depending on the temperature and around 300 K
there is no detectable frequency dierence of the absorption lines ν1 and
ν2 of the two congurations.
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Besides the thermal frequency shift, the intensity ratio I(ν2)/I(ν1) over
temperature was recorded. It was found that the intensity of ν2 increase
with rising temperature. Thus, the ν1-mode is the ground state and
the ν2-mode is an excited or metastable state. A t with Boltzmann
statistics could be applied in the range of around 20 K to 100 K. The
parameters obtained are the degeneracy ratio g2/g1 = 2 and the binding
energy dierence ∆E = (0.5± 0.1) meV.
Unfortunately, a determination of the thermal stability of the sulfur-
dioxygen complex SO2* is missing since the crystals used were destroyed
during uniaxial stress measurements. Besides the critical temperature
when the defect dissociates, an investigation of the possible interaction
of the complex with STe, OTe and/or other defects could be quite interest-
ing. Even if the thermal stability had been determined in this work, an
interaction of SO2* and substitutional S and O could not be investigated
since the IR setup used was only sensitive down to 500 cm−1. STe and
OTe reveal absorption lines at 254 cm−1 (S) [66] and 350 cm−1 (O) [5,6],
respectively.
Defect structure and geometry Initial information on the defect sym-
metry was obtained by IR absorption measurements while uniaxial stress
was applied parallel to the [001] direction of the CdTe crystal. In the case
of ν1, no splitting due to uniaxial stress was observed when stress was ap-
plied, either parallel or perpendicular to the [001] direction (see Fig. 4.6
and text). The shift rates of the parallel and perpendicular components
are -2 cm−1/GPa (∥ to the stress) and -3 cm−1/GPa (⊥ to the stress),
respectively, and the intensities of the two components are equal. If the
small dierence in shift rates is neglected then the ν1-mode belongs to
a defect with trigonal symmetry; otherwise when the two components
are assumed to be dierent, the symmetry is tetragonal [86]. But both
models seem to be inappropriate. The evaluation above showed that the
detected absorption lines can be explained with the model of the SO2
molecule. This has a C2V symmetry i.e. the symmetry of the ν1-mode
cannot be greater. Following Kaplyanskii, vibrational modes of a de-
fect having an orthorhombic I symmetry like C2V split into two modes
under uniaxial stress parallel to the [001] direction of the crystal. The
intensity ratio I∥/I⊥ of the modes would be 2:1 and 0:1. Unfortunately,
this splitting pattern could not be resolved. The component of ν1 aligned
perpendicular to the stress would be a superposition of two modes.
The stress pattern of ν2 revealed one component parallel (-20 cm−1/GPa)
and two components perpendicular (-13 and 36 cm−1/GPa) to the applied
stress (see Fig. 4.6). The values in parentheses refer to the shift rates of
the frequencies. The parallel component has twice the intensity compared
to the two perpendicular components. This yields an orthorhombic II
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Figure 4.11  Qualitative drawing of a potential well of the LVMs of
the SO2* complex in CdTe. Red and blue lines refer to the vibrational
energy levels of ν1 and ν2, respectively.
or a monoclinic II symmetry for ν2 following Kaplyanskii [86]. The
intensity ratio of ν2 to ν1 over temperature obeys Boltzmann statistics
with a ratio of degeneracy of g2/g1 = 2. Since the orthorhombic I
symmetry of ν1 is 6-fold degenerate, the symmetry of ν2 has to have a
12-fold degeneracy. This yields the monoclinic II symmetry. A good
way to conrm the obtained symmetries of ν1 and ν2 would be an IR
absorption series with uniaxial stress among the crystal directions [011]
and [111].
Annealing experiments while the sample was under an uniaxial stress of
5.5 MPa revealed that after an annealing at 20 K for 15min the modes
became aligned under stress referring to changes in intensity of the vi-
brational modes. After removing the stress, ν1 and ν2 had an intensity
ratio of 1:5. When the temperature was increased up to Tc=17-18 K for
15min, the ratio changed to 1:2 which corresponds to the intensity ra-
tio measured at 10 K without any stress applied to the crystal implying
equilibrium populations of the two congurations. This information was
taken to calculate the energy barrier Ea between the congurations ν1
and ν2 yielding Ea=53±4 meV. As already mentioned above, the bind-
ing energy dierence between the congurations was found to be only
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Figure 4.12  Schematic illustration of possible defect structures for
ν1 (left) and ν2 (right) of SO2* in CdTe. The grey planes represent
the {11̄0} lattice plane. Atoms are depicted with their ionic radii.
∆E = 0.5±0.1 meV. Concluding, the ν2-mode is a metastable congura-
tion having a 0.5± 0.1 meV higher energy when compared to the ground
state conguration ν1. An energy barrier of Ea=53±4 meV separates the
two congurations. The obtained energies are depicted in a qualitative
drawing (see Fig. 4.11).
Defect models The information obtained for the SO2* complex allows
us the construction of a defect structure within the CdTe lattice. In the
proposed model, the sulfur-dioxygen complex behaves like a SO2 molecule
located at the TCd or TTe side. The former is shown schematically for
the ν1-mode on left side of Fig. 4.12. Here, the complex is located in the
{11̄0} plane. In the case of ν2, the complex is shifted slightly out o the
marked plane but its center of mass remains in the plane (right side in
Fig. 4.12). A reection of the ν2 congurations on the {11̄0} plane leads
to the degenerate position of this conguration. The degenerate positions
of the SO2* complex are located in the {101}, {011}, {110}, {101̄}, and
{011̄} lattice planes, respectively. All positions are in agreement with
the obtained mode symmetries.
42 Chapter 4. Sulfur-dioxygen complex in CdTe and CdSe
Figure 4.13  Schematic illustration of local structures of SO2 de-
fects in CdTe lattice. Picture was taken from [97].
Recently, Thienprasert et al. performed rst-principle calculations of
SO2 defects in CdTe concerning defect formation energy, LVMs and de-
fect geometry [97]. The group showed that a sulfur atom substituting
for a tellurium atom, STe has a very low formation energy under Cd-rich
and Te-rich growth conditions. STe can bind an interstitial oxygen atom
Oi forming a neutral STe-Oi with a binding energy of around 0.16 eV.
A STe-2Oi complex can be generated by adding a second Oi, having a
binding energy of 1.68 eV. Both complexes are depicted in Fig. 4.13.
STe-2Oi was found to be stable in the neutral charge state. The authors
observed a similarity of the structure of this complex when compared
to the free SO2 molecule except for the larger SO bond length in the
STe-2Oi complex of 1.55 Å contrasted to the free molecule (calculated
value 1.44 Å). The calculated local vibrational frequencies of the STe-2Oi
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Figure 4.14  Calculated energy of the SO2*-VCd complex of three
dierent congurations. Picture was taken from [97].
complex are 926.2 (asymmetric stretch mode) and 886 cm−1 (symmetric
stretch mode). Due to the large dierence between the ν-modes and the
calculated frequencies, the authors ruled out the STe-2Oi complex struc-
ture to give rise to the ν-modes. Thienprasert et al. showed that SO2*
can be bound within a cadmium vacancy, forming SO2*-VCd. Two stable
defect structures were obtained: a metastable conguration [SO2*-VCd]a
and a stable conguration [SO2*-VCd]b (see Fig. 4.13). Both complexes
are stable in the neutral charge state in p-type CdTe having a binding
energy dierence of ≤0.23 eV and having the same conguration degener-
acy. The activation energy barrier to transfer [SO2*-VCd]a in [SO2*-VCd]b
is approximately 0.4 eV (see Fig. 4.14). Further, a third conguration
[SO2*-VCd]c was obtained which Thienprasert et al. assume to do not
exist due to its higher energy of approx. 0.73 eV above [SO2*-VCd]b. The
calculated vibrational frequencies of the congurations a and b of 1094.9
and 1097.4 cm−1 (symmetric stretch modes) are close to the frequencies
1096.8 and 1108.3 cm−1 of the ν-modes. The smaller splitting of the
calculated vibrational frequencies is explained due to anharmonic eects
which were not taken into account in the calculations. Thienprasert et
al. propose a nearly free movement of the complexes which accounts for
the merging of the frequencies at higher temperatures. The dierence in
intensity is explained by the binding energy dierence. Thienprasert et
al. assigned the congurations [SO2*-VCd]a and [SO2*-VCd]b to give rise
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to the absorption lines ν1 and ν2 in CdTe.
The proposed defect structure of Thienprasert et al. meets serious di-
culties with the properties of the sulfur-dioxygen complex obtained in this
study. Here, a binding energy dierence of 0.5±0.1 meV was determined,
which is far below 0.23 eV calculated theoretically. The calculated activa-
tion energy barrier of 0.4 eV diers strongly from the experimental value
of Ea=53±4 meV. The most drastic dierence arises from the degeneracy
of the modes. Uniaxial stress measurements revealed an orthorhombic
and monoclinic symmetry for ν1 and ν2, respectively, yielding a degen-
eracy ratio of g2/g1 = 2. The structures of Thienprasert et al. have
the same mode symmetry instead. Hence, the proposed defect structures
[SO2*-VCd]a and [SO2*-VCd]b provided by Thienprasert et al. have to be
ruled out as origin of the ν-modes.
Missing 32S16O18O* satellite of ν2 In the recorded IR absorption
spectra, one 18O-related signal at 1081.2 cm−1 was observed which was
dedicated to ν1. Its frequency and intensity are in good agreement with a
sulfur-dioxygen complex, SO2*. An 18O-related absorption line related to
ν2 could not be found. This causes serious diculties since the intensity of
ν2 is higher when compared to ν1, and if the latter exhibits an 18O-related
satellite in the IR spectrum then an 18O-related satellite of ν2 should
also be visible. A possible explanation is that the signal at 1081.2 cm−1
accounts for a third position of the defect in the lattice. Thus, ν1, ν2,
and the absorption line, at 1081.2 cm−1 are LVMs of a SO bond located
ar three dierent positions in the CdTe lattice. A harmonic t of the
frequencies with the diatomic model consisting of a sulfur and oxygen
atom (see Eq. 4.8) yield a good agreement between experimental data
and tted frequencies (see Tab. 4.2).
ω =
√
kSO
(
1
mO
+
1
χ mS
)
(4.8)
Table 4.2  Summary of all experimental and tted frequencies of
a SO model (in cm−1).
32S16O* 33S16O* 34S16O* 32S18O*
Group ν1 Exp. 1096.8 1089.5 1082.8 
Calc. 1096.8 1089.6 1082.8 1061.5
Para. kSO=6.5×102 N/m χ = 0.66
Group ν2 Exp. 1108.3 1101.1 1094.3 
Calc. 1108.3 1101.1 1094.3 1072.4
Para. kSO=6.6×102 N/m χ = 0.67
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The parameters in Eq. 4.8 are the SO force constant kSO, the empirical
constant χ, and the sulfur and oxygen masses mS and mO. The problems
with this model are the expected frequencies of the 32S18O* satellites of ν1
and ν2 since no absorption lines can be seen in these regions. Therefore,
the SO* model is incorrect.
The missing satellite may be explained by a very broad line width which
makes it impossible to resolve it. Absorption lines arising from the same
defect do not have to exhibit the same line shape. An example is the Cs-
Ci
0 complex in Si [98]. It gives rise to various absorption lines between
540 and 960 cm−1 of dierent line widths. The authors of Ref. [98]
attributed the dierent line widths to anharmonic eects. In the case
of SO2*, such anharmonic eects could arise from the interaction of the
complex with the CdTe lattice yielding a broadening of the spectral line
width of the 32S16O18O* satellite of ν2. An interaction between SO2*
and host lattice was already suggested since the vibrational frequencies
of the complex (1096.8 and 1108.3 cm−1) are about 200 cm−1 lower than
the frequency of asymmetric stretch mode (1362 cm−1) of the free SO2
molecule. The reason why these anharmonic eects aect the 32S16O18O*
satellite of ν2 more than the other detected satellites of ν2 and ν1 can
be related to the symmetry of the 32S16O18O* satellite of ν2. In general,
the symmetry of the conguration ν2 is monoclinic. This is only the
case if the oxygen atoms of the complex are equivalent. If they do not
then the complex symmetry is lowered yielding a triclinic symmetry for
the 32S16O18O* satellite of ν2. The decrease in symmetry leads to an
increase of the degeneracy of this satellite which can also result in a
change of the potential of this satellite. The latter is shown in Fig. 4.15.
Here, the potential minima of the conguration ν2 are split into two
minima each (1&2 and 3&4) for satellites having two inequivalent oxygen
atoms (bottom picture of Fig. 4.15). The energy of the minima 14 is
equal. It is proposed that the vibrational mode of the 32S16O18O* satellite
located e.g. at the minimum "1" couples to the host lattice or an other
system due to anharmonic eects. This coupling leads to "jumps" of the
complex from the minimum "1" to "2" which is depicted as a red arrow
in the bottom picture of Fig. 4.15. This process shortens the life time
of the vibration and yields a broadening of the spectral line width which
disables to resolve the LVM of the 32S16O18O* satellite of ν2 in the IR
absorption spectrum. However, there is no experimental evidence of the
proposed model. First-principle calculation on the SO2* complex and its
characteristics are needed to investigate the missing of the 32S16O18O*
satellite of ν2 in the IR absorption spectra of this thesis.
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Figure 4.15  Qualitative drawing of the potential of the SO2* com-
plex. Top picture shows the potential for SO2* satellites having two
equivalent oxygen atoms. Bottom picture shows the potential for
SO2* satellites having two inequivalent oxygen atoms.
4.1.4 Summary
Two absorption lines at 1096.8 and 1108.3 cm−1 labeled as ν1 and ν2
in CdSO4-doped CdTe have been investigated by IR absorption spec-
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troscopy. In the literature, these signals have been assigned to a OTe-
VCd complex [5, 6]. The detection of additional absorption lines yields
a sulfur-dioxygen complex SO2*. Moreover, two signals at 2078.3 (ν1')
and 2089.8 cm−1 (ν2') have been assigned to the rst overtones of ν1
and ν2 contradicting the overtone frequencies provided by the literature.
The frequencies of ν1 and ν2 revealed an opposite frequency shift behavior
with rising temperature. The absorption lines shift towards each other in
the investigated temperature region. This is in good agreement with for-
mer experimental data. The intensity ratio I(ν2)/I(ν1) obeys Boltzmann
statistics with a degeneracy ratio of g2/g1 = 2 and the binding energy
dierence of ∆E = (0.5±0.1) meV where ν1 is the ground state and ν2 is
a metastable state. IR absorption measurements made while the sample
was under uniaxial stress provided information on the mode symmetries.
Orthorhombic and monoclinic symmetries were obtained for ν1 and ν2,
respectively. Further, an activation energy barrier of Ea = 53 ± 4 meV
between the two congurations was obtained. A defect model is assumed
where the SO2* complex acts as a quasi-free molecule positioned at the
TCd side in the {11̄0} plane (Fig. 4.12). The missing 32S16O18O* satellite
of ν2 was discussed.
Uniaxial stress measurements along the remaining crystal directions [110]
and [111] would complete this series. The thermal stability of SO2* has
yet to be obtained which is proposed to be around 650 ◦C. In general,
it would be quite promising if a CdTe sample could be investigated con-
taining isotope enriched sulfur and oxygen. Such a crystal should reveal
additional satellites of ν1 and ν2 in IR absorption spectra. Especially the
oxygen mixture states 32S16O17O* and 32S17O18O* of ν2 are of interest,
since their presence, or lack thereof, in the spectrum would be helpful for
solving the riddle of the missing 32S16O18O* satellite of ν2.
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4.2 SO2* complex in CdSe
4.2.1 Introduction
In 2008, Chen et al. performed an FTIR absorption study on O-doped
CdSe single crystal to observe defects similar to the OTe-VCd complex
in CdTe [7]. They grew CdSe single crystals with CdO to provide oxy-
gen, and an excess of Se to suppress the concentration of Se vacancies
and produce Cd vacancies [99, 100]. The recorded IR absorption spec-
tra were dominated by three absorption lines located at 1094.11 (γ1),
1107.45 (γ2), and 1126.33 cm−1 (γ3). The signals showed a relation on
the oxygen content in the crystal. Chen et al. proposed that the grown
crystals contain OSe defects in the vicinity of a VCd forming an OSe-VCd
complex. If the Cd vacancy is located along the c axis, the complex has
a C3v symmetry giving rise to two vibrational modes aligned parallel and
perpendicular to the c axis, respectively. The OSe-VCd complex reveals a
Cs symmetry when the VCd is positioned at one of the three lattice sites
in the plane normal to the c axis. In this case, the complex would exhibit
three vibrational modes. Chen et al. attributed the three γ-lines to arise
from an OSe-VCd complex having a Cs symmetry depicted in Fig. 4.17.
The movement direction R of the oxygen atom for each mode is shown
in the gure as well. Further, they estimated the vibrational frequency
of an isolated OSe to 350-450 cm−1. The temperature dependence of the
γ-lines was probed. With increasing temperature, they do not change
appreciably between 5 to 200 K. At higher temperatures, the frequency
of γ1 increases while γ2 and γ3 reveal a red-shift in frequency. This yields
a merging of γ1 and γ2 at around 480 K. Chen et al. proposed a dynamic
switching takes place of the OSe-VCd dangling bond between the three
equivalent positions 2, 3 and 4, implying an increase of the complex sym-
metry from Cs to C3v. When the temperature is around 560 K, all lines
are merged which is explained by the switching of the dangling bond
among all four Cd positions with equal probabilities and by an increase
of the complex symmetry to a quasi-Td symmetry.
The assignment of the γ-lines arising from a OSe-VCd complex was con-
tested by theoretician [8, 10]. Zhang et al. calculated the vibrational
frequency of an isolated OSe to be around 360 cm−1 [8]. They obtained
that the non-axial VCd is slightly more stable than the axial. The OSe
was found to relax away from the Cd vacancy almost into the basal plane
of three Cd atoms. The LVMs of the nonaxial OSe-VCd complex were cal-
culated to be 201, 494, and 495 cm−1 which is far o the γ-lines. Zhang
et al. remarked that the frequency increase of a OSe by nearly a factor
of 3 due to a nearby Cd vacancy is unlikely since this implies an increase
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Figure 4.16  IR absorption spectra of oxygen-doped CdSe single
crystals recorded using linearly polarized light parallel (top) and per-
pendicular (bottom) to the c axis of the wurtzite crystal. Picture was
taken from Ref. [7]
of the CdO bond strength by almost one order of magnitude. They
proposed OH wag modes to give rise to the γ-lines.
Thienprasert et al. performed rst principle calculations on the OSe-VCd
complex. They obtained that the conguration with the non-axial Cd
vacancy is more stable by about 0.1 eV compared to the conguration
with an axial VCd. The complex is electrically active revealing a double
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Figure 4.17  Model of the OSe-VCd complex in CdSe. Picture was
taken from Ref. [7]. Grew plane σ is the reection plane on which
the Cd atom at 1, OSe, and VCd are located.
negatively charge state within the CdSe band gap. Due to the VCd,
the oxygen atom shifts almost into the plane formed by the three Cd
atoms. Thienprasert et al. calculated the vibrational mode frequencies
of the non-axial OSe-VCd complex to 223, 507, and 512 cm−1. Since the
obtained frequencies are much smaller than the γ-mode frequencies, the
authors ruled out the OSe-VCd complex as cause of the 1100 cm−1 bands.
The relation of the γ-lines to oxygen was challenged by the authors. O
H complexes or O2-related defects were proposed. Further, Cheng et
al. performed rst-principles density functional theory calculations [92].
They proposed that an O2 molecule in an interstitial site of the CdSe
lattice is causing the γ-lines.
A careful view of Fig. 4.16 leads to the discovery of three additional
signals. An absorption line at around 1112 cm−1 is visible in the top
spectrum and two very weak signals at approx. 1093 and 1100 cm−1
in the lower one. The former seems to be polarized, having a stronger
intensity parallel to the c axis of the crystal. A correlation of these signals
to the γ-lines can not be excluded.
This thesis identies the absorption lines at 1094.11 (γ1), 1107.45 (γ2),
and 1126.33 cm−1 (γ3) in CdSe as LVMs of a sulfur-dioxygen complex
SO2*.
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Figure 4.18  IR absorption spectra of the as-received ANAU crystal
(top spectrum, 0.1 cm−1), the ANAU 1 crystal annealed in argon at-
mosphere (mid spectrum, 0.5 cm−1), and the oxygen-doped ANAU 2
crystal (bottom spectrum, 0.5 cm−1). The bottom spectrum was
scaled down by a factor of 10. Values in parentheses refer to the
resolution. Spectra were recorded at 10 K.
4.2.2 Results and analysis
General features of the absorption lines
Figure 4.18 depicts sections of IR absorption spectra recorded from three
CdSe crystals. The top spectrum belongs to the as-received ANAU sam-
ple. It reveals three absorption lines at 1094.1, 1107.5, and 1126.3 cm−1.
The signals are labeled with γ1, γ2 and γ3 since their frequencies coincide
with the γ-lines detected by Chen et. al. [7]. The as-received ANAU crys-
tals already exhibit the γ-lines whereas the as-received CC and RIMST
samples do not show these absorption lines. The mid and bottom spec-
trum in Fig. 4.18 was recorded from the in argon atmosphere annealed
ANAU 1 crystal and oxygen-doped ANAU 2 crystal, respectively. As
consequence of the annealing in argon (ANAU 1), the intensities of the
γ-lines decreased compared to the top spectrum whereas the signals in
the oxygen-doped ANAU 2 sample strongly increased with respect to the
absorption lines in the as-received material. These results conrm the
relation of the γ-lines to oxygen as it was reported by Chen et. al. [7].
The impact of the annealing of CdSe samples in oxygen ambient is shown
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Figure 4.19  IR absorption spectra of CC 1 (top), RIMST 4 (mid),
and ANAU 2 (bottom) crystal annealed in oxygen ambient, respec-
tively. The resolution was 0.5 cm−1. Spectra were recorded at 10 K.
in Fig. 4.19. The top spectrum refers to the CC 1 sample and reveals the
γ-lines. The RIMST 4 crystal does not show any signal in the depicted
frequency region (mid spectrum). For comparison, the spectrum of the
oxygen-doped ANAU 2 sample is depicted at the bottom of Fig. 4.19.
Since the γ-lines could not be detected in the RIMST sample after an-
nealing in oxygen, it is concluded that the complex giving rise to the
detected γ signals is not restricted to oxygen. The γ signals were always
detected together with a constant intensity ratio.
The left plot in Fig. 4.20 shows an IR absorption spectrum of the oxygen-
doped ANAU 2 sample, recorded at a higher resolution compared to
previous measurements. Some frequency regions have been enlarged by
a factor of 5 (red spectrum). Besides the γ signals, additional weak
absorption lines at 1080.3, 1087.1, 1100.2, and 1111.9 cm−1 could be re-
solved. The relative intensities (4.5:0.7:94.8) of the signals at 1080.3 and
1087.1 cm−1 and γ1 are close to the natural abundance of the three pre-
dominant sulfur isotopes 34S (4.2 %), 33S (0.8 %), and 32S (95.0 %). The
right spectrum refers to the as-received ANAU crystal where the light
was irradiated parallel to the [0001] direction of the sample. Two addi-
tional absorption lines at 1091.8 and 1093.4 cm−1 could be detected. The
relative intensities 4.6:0.9:94.6 of the peaks at 1093.4, 1087.1 cm−1 and γ2
dier slightly to the abundance of the three predominant sulfur isotopes
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34S, 33S, and 32S. These ndings lead to the conclusion that the γ-lines
are vibrational modes of a SOn* complex having three congurations.
The asterisk is used to distinguish the complex from free SOn molecules.
In the case of γ3, the absorption line at 1111.9 cm−1 is assigned to be
its 34SOn* satellite, while its 33SOn* satellite could not be detected (see
Fig. 4.20, left spectrum). All obtained signals are listed in Table 4.3.
In order to determine the number n of incorporated oxygen atoms, it
is necessary to resolve an 18O-related satellite. Note that the natural
abundance of 18O is only 0.2% [94]. The remaining absorption line at
1091.8 cm−1 discussed above is dedicated to be the 32S16On-118O* satellite
of γ2. A comparison of its intensity and the values of the other γ2 satellites
leads to n = 2 yielding a sulfur-dioxygen complex SO2* giving rise to the
γ-lines. No 18O-related satellite of γ1 and γ3 could be obtained.
An evaluation of the obtained complex and its LVMs can be done by
using the free SO2 molecule as a tting model. The frequencies are
tted with the IR active asymmetric stretch mode (1362 cm−1) of the
SO2 molecule [7679]. The derivation of the asymmetric stretch mode
frequency of the free SO2 molecule in valence force approximation [74]
while neglecting the bending mode yielded
ωasym =
√k
⎛⎝ 1
2µ1
+
1
2µ2
+
√[
1
2µ1
− 1
2µ2
]2
+
cos2ϕ
m2S
⎞⎠ (4.9)
with µ−11(2) = m
−1
S +m
−1
O1(O2)
the reduced masses of the two oxygen atoms
bound to the sulfur atom (see Eq. 4.3 for comparison). The parameter
ϕ and k represent the ^ OSO angle and the force constant of the SO
bonds. The obtained vibrational frequencies of each γ group were used
to t the parameters ϕ and k which in turn were used to calculated the
Table 4.3  Summary of all experimental and tted frequencies of
the SO2*(in cm−1) and tting parameters.
32S16O2* 33S16O2* 34S16O2* 32S16O18O*
Group γ1 Exp. 1094.2 1087.1 1080.3 
Calc. 1094.2 1087.1 1080.3 1078.6
Para. k=6.5×102 N/m ϕ = 120± 1◦
Group γ2 Exp. 1107.5 1100.2 1093.4 1091.8
Calc. 1107.5 1100.2 1093.4 1091.7
Para. k=6.6×102 N/m ϕ = 121± 1◦
Group γ3 Exp. 1126.3  1111.9 
Calc. 1126.3 1118.9 1111.9 1110.3
Para. k=6.8×102 N/m ϕ = 121◦
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Figure 4.20  IR absorption spectra of the oxygen-doped ANAU 2
(left, 0.3 cm−1) and an as-received (right, 0.2 cm−1) ANAU crystal.
For the latter, the k-vector of the irradiated light was parallel to the
[0001] direction of the crystal. Values in parentheses refer to the
resolution. Spectra were recorded at 10 K.
vibrational frequencies of each γ group. All calculated frequencies and
tting parameters are listed in Tab. 4.3. It can be seen that there is
a very good agreement of the calculated and experimental frequencies
which yields that the asymmetric stretch mode of the free SO2 molecule
is suitable for the description of the detected vibrational modes. Further,
the tted ^ OSO angles are close to the values of the free SO2 molecule
of 119.5◦, [80] implying a similar structure of the SO2* complex when
compared to SO2.
Further, IR absorption spectra have been recorded while the oxygen-
doped ANAU 2 crystal was illuminated by a Hg-lamp. No inuence
on the absorption lines could be obtained. Hence, the sulfur-dioxygen
complex is assumed to be electrically inactive.
Polarization and uniaxial stress
To obtain information on the defect geometry, IR absorption spectra have
been recorded where the sample was illuminated with linearly polarized
light. Figure 4.21 depicts excerpts of two IR absorption spectra of the
oxygen-doped ANAU 2 crystal measured with linearly polarized light
parallel (bottom) and perpendicular (top) to the c axis of the crystal.
The intensities of γ1 and γ3 are increased using light polarized parallel
to the c axis, whereas γ2 reveals the opposite behavior.
The intensity I of the light absorbed by the electrical dipole d vibrating
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Figure 4.21  IR absorption spectra of the oxygen-doped ANAU 2
crystal recorded with linearly polarized light. The resolution was
0.5 cm−1. Spectra were recorded at 10 K.
in CdSe can be written as
I ∝
∑
Rk
|e · (Rkd)|2, (4.10)
where e is the polarization vector of the light and Rk is the symmetry
operator of the C3v point group. From Eq. (4.10) the angle α comprised
of the dipole moment d of the mode and the c axis of the crystal can be
obtained
α = arctan
√
2I⊥/I∥, (4.11)
where I⊥ and I∥ are the intensities of the light absorbed by the polarizer,
orientated perpendicular and parallel to c, respectively. The evaluation
of the intensities of the γ-lines in Fig. 4.21 lead to angles of 51±2◦ (γ1),
71±1◦ (γ2), and 45±1◦ (γ3).
To get further information on the defect symmetry, IR absorption mea-
surements were performed while a uniaxial stress was applied along the
[11̄00] direction of the crystal. The left diagram in the second row in
Fig. 4.22 shows the behavior of γ1 depending on the applied stress. It
shows a splitting of γ1 in two lines. One of them reveals a weak blueshift
(2 cm−1/GPa). The other one shifts upwards in frequency with a rate
of 149 cm−1/GPa. The intensity ratio of the two lines is 1.7:1. The
black curve in the left diagram (top line in Fig. 4.22) corresponds to the
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Figure 4.22  Top: IR absorption spectra (0.5 cm−1) recorded after
applying a stress of 7.5 MPa parallel to [101̄0] to the oxygen-doped
ANAU 2 crystal (black curves) and after subsequent annealing at
35-38 K for 20 minutes (red curves). The resolution was 0.5 cm−1.
Spectra were recorded at 10 K. Bottom: Frequencies as a function of
applied stress. Solid lines are linear ts.
absorption spectra at the highest applied stress of about 7.5 MPa. A
comparison with theoretical split patterns of point defects in wurtzite-
type crystals under uniaxial stress, yields a monoclinic symmetry (C1h)
for the γ1 LVM [87].
The two mid spectra refer to γ2. Here, a similar behavior was observed for
the γ2 mode compared to γ1: This signal also splits into two components
with an intensity ratio of 1.7:1. The absorption lines were tted using
Voigt prole line shapes. The shift rates of the split-o components are
-158 and 34 cm−1/GPa. This data strongly indicates that the symmetry
of the γ2 LVM should be related to the C1h point group. The remaining γ-
signal, γ3, did not show a splitting in the investigated stress region (right
column in Fig. 4.22). It only shifts slightly downwards in frequency by
-11 cm−1/GPa. All shift rates were obtained from linear ts (black lines
in the lower diagrams in Fig. 4.22).
In 2007, McGlynn and Henry published a theoretical work concerning the
splitting of point defects in wurtzite crystal due to uniaxial stress applied
in arbitrary directions [87]. The comparison of the obtained data with
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Figure 4.23  Thermal frequency shift of the γ-lines according to
temperature from 5 up to 150 K
this work leads to the identication of the symmetry, C1h, of γ1 and γ2.
Parts of their piezoelectric tensor Aγ1,2 can be calculated by using the
shift rates of the split-o components. Following McGlynn and Henry, a
monoclinic defect splits into two components
∆ω1,2 = Axx σ and ∆ω3−6 =
Axx + 3Ayy
4
σ
with an intensity ratio of 1:2, when the applied stress is parallel to the
[11̄00] direction of the crystal. The indexes of ∆ω1,2 and ∆ω3−6 refer
to the degeneracy of the split-o signals. Axx and Ayy are parts of the
piezoelectric tensor and σ is the amount of the applied stress. In the case
of γ1, the values have been calculated as Axx=149 cm−1/GPa and Ayy=-
52 cm−1/GPa, as well as Axx=34 cm−1/GPa and Ayy=-222 cm−1/GPa
for γ2.
In order to investigate the orientation kinetics of the SO2* complex in
which the modes become aligned under uniaxial stress, several annealings
were performed. The sample was cooled to about 10 K and a stress of
7.5 MPa was applied. While the stress was applied to the crystal, the
temperature was increased to a certain value and kept constant for 20
minutes. Afterwards the sample was cooled back down to 10 K and an
IR spectrum was recorded. The results reveal that after an annealing
at 36±2 K for 20min, the intensities of the γ-lines change. The red
curves in Fig. 4.22 represent the alignments of these modes. Annealings
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Figure 4.24  Integrated absorbance of the γ-lines as a function
of annealing temperature recorded from the oxygen-doped ANAU 2
crystal.
below 36 K for 20min did not aect the absorption line intensities. The
intensity ratios of the split-o components of γ1 and γ2 changed from
1.7:1 to about 4:5 and 10:1, respectively. These ratios did not change
when the annealing temperature was higher than 38 K. Moreover, the
transfer of intensity is limited to the split components of one γ-line. Up
to the maximal investigated annealing temperature of 150 K no transfer
of intensities among the γ-lines was observed.
Thermal frequency shift and stability
Figure 4.23 represents the frequency shift of the γ-lines as a function
of temperature. The left diagram refers to γ1. It reveals a red-shift of
the frequency over the temperature range. The absorption line shifts
about -0.2 cm−1 in the rst 75 K. From 75 K to 150 K, it only varies
by around -0.2 cm−1. The frequency of γ2 also exhibits a red-shift (mid
diagram). Here, the shift reveals a linear behavior up to a value of about
-0.3 cm−1 at 150 K. A red-shift in frequency has also been detected for γ3.
Up to 40 K its frequency does not shift but at higher temperatures the
absorption line frequency shifts up to -0.9 cm−1 at 150 K. Compared to γ1
and γ2, the frequency of γ3 exhibits the strongest shift in the investigated
temperature region. These results are consistent with the data provided
by Chen et al. [7]. They studied the thermal frequency shift up to 600 K
and also found marginal shifts of the γ-lines below 150 K.
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The thermal stability of the SO2* complex was also investigated. Figure
4.24 shows integrated absorbance of the γ-lines as a function of annealing
temperature. The intensities of the modes do not change up to 650 ◦C.
After the temperature reaches 750 ◦C, the lines could no longer be ob-
served. The integrated absorbances of the γ-lines behave similarly which
gives support of their common origin of the absorption lines.
4.2.3 Discussion
The absorption lines γ1, γ2, and γ3 at 1094.1, 1107.5, and 1126.3 cm−1
were identied as local vibrational modes of a sulfur-dioxygen complex
SO2* having three congurations γ1, γ2, and γ3 in wurtzite CdSe.
Chemical composition At rst the oxygen dependence of the γ-lines
was determined. This is presented in Fig. 4.18. The signals decreased
when an annealing was performed in the inert gas argon, but in an oxygen
ambient an increase took place to a great extent. Therefore, the γ-lines
were assigned to an oxygen-related complex. The relation of the γ-lines
to oxygen obtained by Chen et al. is conrmed [7]. However, further
experiments showed that a simple annealing of CdSe crystals in oxygen
atmosphere does not lead to the generation of the γ-lines (see Fig. 4.19).
This fact refers to the RIMST 4 sample where none of the discussed
signals could be observed. Therefore, additional elements and/or cir-
cumstances must be present in the material to give rise to the signals. It
is noted that the γ-lines could be detected together with a relative con-
stant intensity ratio which strongly indicates a common origin and that
this complex can already be generated during the growth of CdSe. This
aects only the seeded-chemical-vapor-transport growth ANAU crystals
so far, since it is the only as-received material which contains the signals.
High-resolution IR spectra of the oxygen-doped ANAU 2 sample and the
as-received ANAU samples (see Fig. 4.20) resolved six additional weak
signals at 1080.3, 1087.1, 1091.8, 1093.4, 1100.2, and 1111.9 cm−1. The
relative intensities of γ1 and the signals at 1087.1 and 1080.3 cm−1 as
well as of γ2 and the signals at 1093.4 and 1100.2 cm−1 are close to
the three predominant sulfur isotopes 32S, 33S, and 34S. This hints to the
incorporation of a single sulfur atom. If more atoms of that element would
be included then stronger satellites have to be present in the spectra.
To that point, the γ-lines are assigned to be LVMs of a SOn* complex
having three congurations. The asterisk was used to dier from free
SOn molecules. In the case of γ3, the signal at 1111.9 cm−1 could be
attributed to a 34S satellite but a 33S-correlated absorption line could
not be detected for γ3. Generally, the intensity of γ3 was the lowest
compared to the other two signals. Thus, it was dicult to resolve its
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satellites since it was already dicult to resolve the γ1- and γ2-satellites.
The signals at 1093.4, 1100.2, and 1111.9 cm−1 are already visible in
Fig. 4.16 but Chen et al. neither mentioned them nor took them into
account.
The number n of involved oxygen atoms in the SOn* complex had to
be obtained by evaluating an 18O-related signal of the γ-lines. Since the
natural abundance of 18O is only 0.2 % (99.76 % for 16O and 0.04 % for
17O) [94] the strongest signal besides the sulfur-satellites would have an
intensity of about n/500 compared to the relevant γ-line (Eq. 4.12).
I(32S16On-1
18O∗)
I(32S16On∗)
= n
0.2
99.76
≈ n
500
(4.12)
The signal at 1091.8 cm−1 (right spectrum in Fig. 4.20) is attributed
to the 32S16On-118O* satellite of γ2 since it is the next probable isotope
combination based on the abundance of oxygen and sulfur. The rela-
tive intensities of γ2 and its satellites yield n = 2. A numerical evalua-
tion of the observed frequencies was performed by using the asymmetric
stretch mode of the free SO2 molecule which has a vibrational frequency
of 1362 cm−1 [7679]. The greatest dierence in frequencies between
experiment and calculation is 0.1 cm−1 which underlines that the asym-
metric stretch mode of the free SO2 molecule is quite good tting model
for the obtained frequencies of the γ-lines. Anharmonicity was no taken
into account. It was determined that the defect geometry of the three γ
congurations, described by the OSO angle, is quite similar to a free
SO2 molecule [80]. The angles of the modes are in the range of 120−121◦
whereas the SO2 molecule reveals an angle of 119.5◦. This provides initial
information on the geometry of the complex. The γ-lines are assigned to
LVMs of a sulfur-dioxygen complex located at three dierent positions in
the CdSe lattice. A structure of the complex in the lattice is given later.
The obtained results contradict the primarily origin of the γ-lines the
OSe-VCd complex [7] and the results contradict the theoretical predicted
models of H- and O-related defects [8, 10,92].
There have been several additional experiments to resolve additional 18O-
related signals. The most promising attempt was the annealing of CdSe
crystals in a 50:50 mixture gas of 16O:18O at 700 ◦C for 1h. The argon-
annealed ANAU 1 sample was used for this treatment. Neither new
absorption lines could be detected nor an increase in intensity of the
signal at 1091.8 cm−1 could been achieved. The previous annealing in
argon atmosphere might have reduced the sulfur concentration in the
crystal so much that the concentration of the sulfur-dioxygen complex
generated via annealing in 16O:18O was too low to be resolved. Sulfur is
known to substitute the Se site revealing a LVM at 270 cm−1 [69,101,102].
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The sulfur concentration could not be probed since the measurement
setup used was only sensitive to 500 cm−1. Therefore, it was not possible
to investigate possible changes of the sulfur concentration in the crystals
due to the the annealing of the crystals in argon atmosphere. Another
opportunity to resolve additional 18O-related signals would be to use
isotope enriched sulfur and oxygen during the growth of CdSe crystals
since the SO2* complex can already be formed during the crystal growth.
Defect structure and geometry Further information on the structure
and symmetry of the SO2* complex was provided by IR measurements
with linearly polarized light and with uniaxial stress (see Fig. 4.21, 4.22
and text). The former reveals the alignment of the dipole moments of
the three modes with respect to the c axis of the wurtzite crystal. The
angles are 51±2◦ (γ1), 71±1◦ (γ2), and 45±1◦ (γ3). It was shown that the
frequencies of the SO2* complex can be tted with the asymmetric stretch
mode of the free SO2 molecule (see Eq. 4.9 and Tab. {tab:cdseSO2). The
induced dipole moment is parallel to the connection line of the two oxygen
atoms.
The symmetry classes of the γ-lines were obtained from IR absorption
measurements with uniaxial stress applied parallel to the [11̄00] direction
of the crystal. It was determined that γ1 and γ2 split into two compo-
nents, respectively, whereas one signal shifts downwards in frequency and
the other signal reveals a blue shift (see Fig. 4.22). The split components
have an intensity ratio of 2:1. Number and intensities of the split o com-
ponents yield a monoclinic C1 symmetry for γ1 and γ2 [87]. The signal γ3
did not reveal a splitting up to the maximal applied stress of 7.5 MPa but
its frequency shifts downwards with increasing temperature. Following
McGlynn and Henry [87], the mode has a trigonal symmetry. However,
this assignment seems inappropriate. The γ-lines could be tted by the
model of the asymmetric stretch mode of the SO2 molecule and a similar
geometry between SO2* and the free molecule, described by the OS
O angle, was obtained. The latter has an orthorhombic C2v symmetry
concluding that the symmetry of the sulfur-dioxygen can not be higher.
Most likely, the γ3-line splits under uniaxial stress but the applied stress
was too low to observe it. A monoclinc or triclinic symmetry for γ3 is
suggested.
The obtained frequency shift rates are up to the triple digits cm−1/GPa
according to one split line of γ1 and γ2, respectively. In the case of
hydrogen-related defects in ZnO, Si and Ge, the values are in the single
or double digits cm−1/GPa [95, 103105]. Even more complex defect
structures reveal lower shift rates [106]. Following the tting model of
the SO2* complex (see Eq. 4.9), the frequencies can be inuenced by
the SO force constant k or the SOS angle. A frequency shift due
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to the change of the force constant would refer to a stronger bonding
between the SO2* complex and the CdSe lattice. If the frequency change
is related to a change of the SOS angle, then a lower bonding between
the complex and the CdSe lattice can be assumed. A promising way to
determine the origin of the frequency shift would be the investigation
of a CdSe crystal containing isotope enriched sulfur and oxygen. The
splitting of all γ-lines and their satellites under uniaxial stress should
oer the opportunity to t the frequencies with the model of the SO2
molecule at dierent stress values. The plot of the OSO angle and the
force constant over the stress should reveal which of the two parameters
change the most due to the applied stress.
The dichroism has led to intensity changes of the split components of γ1
and γ2 after an annealing at 36±2 K for 20min. The change in intensity
was limited to the split-o components of one γ-line up to a temperature
of 100 K. A transfer of intensity between the γ-lines was not observed
which can be explained by two ways. Either, the energy barriers between
the three congurations are so high that the crystal temperature has to
be increased above 100 K to observe a change of the intensities; or, the
barriers are small and the modes are already aligned under the applied
stress yielding small binding energy dierences between the three cong-
urations. Probably, the investigation of γ-lines with stronger intensities
from the start could allow for a continuation of this measurement series
to higher temperatures than 100 K and could provide more information.
Thermal behavior The absorption lines γ1, γ2, and γ3 revealed a shift
in frequencies with varying measurement temperatures. Starting at 10 K,
a red-shift of all three lines have been obtained with rising temperature
(see Fig. 4.23). The dierences in frequency at a temperature of 10 K
compared to 150 K are about -0.2 cm−1 (γ1), -0.3 cm−1 (γ2) and -0.9 cm−1
(γ3). The shift direction of γ1 seems to turn at around 150 K. This is
in good agreement with the literature. Here, it has been determined
that γ1 drops in frequency until approximately 100 K and rises afterward
until it merges with the red-shifting frequency of γ2 at around 480 K.
The merged signal also coincides with the red-shifting frequency of γ3 at
560 K [7]. Chen et al. explained this behavior by a dynamic switching
of the OSe-VCd dangling bonds among equivalent positions which yields
a symmetry change from CS to C3V (merging of γ1 and γ2) to Td (all
merged). The merging of the LVMs within the model of the SO2* com-
plex can be interpreted by a reduction of the positional dierences of
the three congurations γ1, γ2, and γ3. This might be evaluated by IR
absorption measurement series with linearly polarized light above 200 K
since the absorption lines do not change signicantly in frequency below
this temperature, implying only weak changes in the alignments of the
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modes below 200 K. In this thesis, the absorption lines were investigated
up to 150 K due to the strongly broadened line widths, making it impos-
sible to evaluate the signals above 150 K. If the given explanation for the
line merging is valid the alignment of the dipole moments of the modes
should merge with increasing temperature.
The thermal stability of the SO2* complex was investigated (see
Fig. 4.24). Up to an annealing temperature of 600 ◦C, the integrated
absorbance of the γ-lines remains relatively constant. During the fol-
lowing 100 K, the complex starts to dissociate and nally drops below
the detection limit of the setup at 750 ◦C. The integrated absorbance at
700 ◦C was assumed to be lower since their decrease from 600 to 650 ◦C
was stronger than from 650 to 700 ◦C. The dissociation process of the
SO2* complex seems to be repressive at this temperature. A reason for
this behavior could be other oxygen-related defects which start to disso-
ciate in this temperature range. The most promising candidate is oxygen
substituting selenium OSe. Indeed, there are theoretical studies on its vi-
brational mode frequencies [8, 10] but their values of 363 and 378 cm−1
are beyond the detection range of the used setup. Moreover, the thermal
stability of OSe is unknown so far. The identication of the OSe defect
and the investigation of its thermal stability would probably provide more
information to explain the repressive dissociation of the SO2* complex
between 650 and 700 ◦C. Other dissociating oxygen-related defects re-
vealing an interplay with the dissociating SO2* complex are possible. A
similar dissociation behavior like the SO2* complex has been determined
for the CuH defect in ZnO [107]. Its concentration benets from the
dissociation of other hydrogen-related defects in the temperature range
of 400 to 600 ◦C.
Defect models The obtained and discussed information on the SO2*
complex allows for the construction of a defect structure within the CdSe
lattice. There are two dierent models: (1) SO2* reveals bonds to Cd
and/or Se atoms or (2) it acts like a free molecule and is positioned
at an interstitial lattice site. It has been observed that the defect can
be generated by a simple annealing of CdSe crystals in oxygen if the
material contains sulfur. A fairly good position of sulfur in CdSe is
the selenium side [69, 101, 108]. The oxygen diuses into the crystals
during annealing and becomes bonded to SSe. This would support the
rst option of defect structure which is shown for γ1 on the left side of
Fig. 4.25. Otherwise, there are facts which hint to a quasi-free SO2*
molecule. The results showed that the SO2* complex starts to dissociate
above 600 ◦C. The annealing in oxygen to generate the defect in the CC 1
crystal was performed at 700 ◦C. Sulfur most likely leaves the selenium
side at around 700 ◦C, forms a molecule with two oxygen atoms and is
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Figure 4.25  Qualitative drawings of two possible defect structures
for γ1 of SO2* in wurtzite CdSe. Planes represent the {1100} lattice
plane. Black octagon is the wurtzite unit cell. Atoms are depicted
with their ionic radii.
trapped at an interstitial site of the lattice as is pictured on the right side
of Fig. 4.25. In general, the interstitial position of the complex seems to
be more suitable since the t of the vibrational frequencies could be done
with the asymmetric stretch mode of a free SO2 molecule implying a weak
or no bonding of the complex to the CdSe host lattice. Figure 4.26 shows
possible defect structures for all three congurations of the SO2* complex
located at interstitial lattice sides in CdSe. Here, the conguration γ3
has a monoclinic symmetry.
4.2.4 Summary
Three absorption lines at 1094.1, 1107.5, and 1126.3 cm−1 labeled as γ1,
γ2, and γ3 in wurtzite CdSe were investigated by IR absorption spec-
troscopy. In the literature, these signals are known to arise from a OSe-
VCd complex. Due to various annealing studies with oxygen and the
observation of additional signals, the absorption lines γ1−3 are assigned
to be LVMs of a sulfur-dioxygen complex SO2* having three congura-
tions. This defect can already be generated via the growth process of
CdSe. Electrical activity of the complex could not be obtained. IR ab-
sorption measurements with linearly polarized light and with uniaxial
stress provided information on the defect symmetry and geometry. The
geometry of the defect has a high similarity to the free SO2 molecule. In
the case of γ1 and γ2, a monoclinic symmetry C1h have been determined
due to their splitting behavior under uniaxial stress. The signal γ3 re-
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Figure 4.26  Qualitative drawings of possible defect structures for
γ1 (top row, left side), γ2 (top row, right side) and γ3 (bottom row)
of SO2* in wurtzite CdSe. Planes represent the {1100} lattice plane.
Black octagon is the wurtzite unit cell. Atoms are depicted with their
ionic radii.
vealed no splitting in the applied stress range but a splitting is assumed
to appear at higher stress values. The symmetry of γ3 is unknown so
far but a monoclinc or triclinic symmetry is supposed. An investigation
of the γ-frequencies up to the temperature of 150 K yield a red-shift of
all modes which is in good agreement with the literature. The SO2*
complex was found to be stable up to 600 ◦C. The dissociation of the
defect seems to be lower at 700 ◦C which was attributed to other dissoci-
ating oxygen-related defects providing oxygen atoms for SO2*. Further,
a defect structure within the CdSe lattice is oered.
The remaining questions, like the symmetry of γ3, can be solved by in-
vestigating a CdSe sample containing isotope enriched sulfur and oxygen.
General, a higher concentration of SO2* would also be promising. With
such crystals, the behavior of the defect geometry with varying temper-
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ature and higher stress values could provide more information on the
defect structure as well as the thermal stability of sulfur in CdSe when
compared to SO2*.
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4.3 Comparison of the SO2* complex in
CdTe and CdSe
The identication of a sulfur-dioxygen complex SO2* in CdTe and CdSe
oers the opportunity to compare the complexes in both material with
each other. In CdTe, SO2* gives rise to two congurations having vi-
brational frequencies at 1096.8 (ν1) and 1108.3 cm−1 (ν2) (see Fig. 4.4).
An increase of congurations to three takes place when the complex is
located within the CdSe lattice shown in Figs. 4.19 and 4.20. The con-
gurations reveal vibrational frequencies at 1094.1 (γ1), 1107.5 (γ2), and
1126.3 cm−1 (γ3). The higher number of congurations in CdSe than in
CdTe can be explained by the lower crystal symmetry of CdSe (wurtzite
lattice structure) compared to the zinc-blende crystal structure of CdTe.
The vibrational frequencies of the SO2* complex in both materials could
be tted with the asymmetric stretch mode (1362 cm−1) of the free SO2
molecule. Further, the inuence of the host crystals to the vibrational
frequencies is similar for both SO2* complexes since both groups of de-
tected frequencies are lowered by approx. 250 cm−1 compared to the
SO2 asymmetric stretch mode. Moreover, the complex is supposed to be
electrical inactive in both materials.
In CdTe, two signals at 2078.3 (ν ′1) and 2089.8 cm
−1 (ν ′2) were detected
and assigned to be the rst overtone frequencies of ν1 and ν2 (see Fig. 4.5).
No overtone frequencies of the γ-lines were observed but they can be
estimated. The evaluation of the fundamental and overtone frequencies
of SO2* in CdTe by using the Morse potential yielded anharmonicity
parameters of 0.048 and 0.051. The quasi-exact eigenvalues of the Morse
potential lead to
ωfund = ω(1)− ω(0) = ω0 − 2ω0xe
and
ωover = ω(2)− ω(0) = 2ω0 − 6ω0xe.
Assuming an anharmonicity parameter xe of 0.05 for all three SO2* con-
gurations in CdSe, the rst overtone frequencies of the γ-lines can be
calculated to 2067 (γ′1), 2089 (γ
′
2), and 2127 cm
−1 (γ′3). Unfortunately,
the recorded IR absorption spectra do not reveal any absorption lines in
the vicinity of these predicted frequencies.
IR absorption measurements while an uniaxial stress was applied to the
crystal revealed an orthorhombic and monoclinic symmetry for ν1 and
ν2 in CdTe, respectively. Further, the two congurations were found to
be separated by an energy barrier of Ea = 53 ± 4 meV. In CdSe, the
congurations γ1 and γ2 exhibit a monoclinc symmetry. A monoclinc or
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Figure 4.27  Qualitative drawings of the proposed defect structures
of the conguration γ1 in CdSe (top) and of the conguration ν1 in
CdTe (bottom). Atoms are depicted with their ionic radii.
triclinic symmetry is proposed for γ3. The values of the energy barriers
separating the three congurations could not be obtained but they are
assumed to be in the energy range of Ea. An estimation can be done in
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order to obtain the binding energy dierences between the three congu-
rations of SO2* in CdSe. The intensity ratio of γ2 to γ1 is approximately
0.7 (see Figs. 4.19 and 4.18). Since both modes have the same symmetry,
conguration γ1 must be energetically deeper than γ2. An energy value
can not be oered. The binding energy of γ3 relative to γ1 and γ2 remains
uncertain since the symmetry of the conguration is unknown.
The frequencies of the ν- lines in CdTe and γ-lines in CdSe reveal a
shift with increasing crystal temperature till they merge. In CdTe, the
ν1 shifts upwards in frequency while ν2 reveals a ref-shift (see Fig. 4.9).
According to Chen et al., the lines merge at around 300 K [5, 6]. The
γ-lines show a red-shift in frequency until a temperature of 150 K de-
picted in Fig. 4.23. When the temperature is further increased, γ1 and
γ2 merge at around 480 K. At 550 K there is only one absorption line
left in the spectrum corresponding to the merging of all three γ-lines [7].
The merging temperature of the SO2* vibrational frequencies in CdSe is
higher compared to CdTe. This could refer to greater positional dier-
ence among the congurations γ1−3 than between ν1 and ν2. The SO2*
complex in CdSe was found to be stable up to 600 ◦C. Although the
thermal stability of the complex in CdTe could not be determined, it is
assumed to be quite similar to the complex in CdSe.
According to the obtained results, defect structures of SO2* in CdTe and
CdSe are proposed shown in Fig. 4.27. In both materials, the complex
is assumed to act as a free SO2 molecule located at an interstitial lattice
site in CdTe and CdSe.
Concluding, there are various similarities between the SO2* complex in
CdTe and CdSe. The existence of this complex in other materials like
e.g. ZnTe or ZnSe could be possible.
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Chapter 5
VCdH2 defect in CdSe
5.1 Introduction
Beside the OSe-VCd complex, Chen et al. reported on an other oxygen-
related defect in CdSe single crystals [7]. The crystals were grown us-
ing CdO to provide oxygen and an excess of Se to suppress Se vacan-
cies [99, 100]. Two absorption features µ1 and µ2 located at 1991.8 and
2001.3 cm−1 were recorded (see Fig. 5.1). Chen et al. found a high sim-
ilarity of the signal ne structure of µ1 and µ2 to the host isotope ne
structure of the local vibrational modes (LVMs) of MgCd (see Fig. 5.2).
They assigned the absorption features µ1 and µ2 to be LVMs of a OCd
defect. The group explained the large frequencies of the signals by the
antisite position of the oxygen atom in the CdSe lattice, where the four
extra electrons cause an increase of the eective force constants between
the oxygen and the surrounding Se atoms. IR absorption measurements
using linearly polarized light yield a vibration of the µ1 and µ2 modes
parallel and perpendicular to the c axis of the crystal, respectively.
The OCd defect was investigated by rst-principle calculations [8, 10].
Thienprasert et al. have calculated frequencies of the neutral charge state
of the defect (O0Cd) to 417 and 502 cm
−1 and of the double negatively
charged state O2−Cd to 158 and 723 cm
−1 [10] which are less than the
frequencies of the µ-modes. Due to the calculated high formation energy
of 3 eV, the concentration of OCd in CdSe should be very low. Theory
suggested that the µ-modes are LVMs of a Cd vacancy saturated by
two hydrogen atoms VCdH2 formed via two vibrating Se-H bonds aligned
parallel (SeH∥) and perpendicular (SeH⊥) to the c axis, respectively [8,
10]. The VCd is a double acceptor whose doubly ionized state gives rise to
a level 0.65 eV above the valence band [2125]. The calculated LVMs of
2092 (SeH∥) and 2101 cm−1 (SeH⊥) are close to the µ-mode frequencies
with the former bond found to be more stable by only 3 meV [8].
71
72 Chapter 5. VCdH2 defect in CdSe
Figure 5.1  IR absorption spectra of an oxygen-doped CdSe single
crystals taken from Ref. [7]
Figure 5.2  Fine structure of the LVMs of 25MgCd and 26MgCd in
CdSe taken from Ref. [66]
Chen et al. found a high similarity between the ne structures of µ-
modes and the MgCd defect in CdSe (shown in Fig. 5.1 and 5.2). If
the ne structures of the 1992- and 2001 cm−1- modes are due to the
Se isotopes surrounding OCd, the absorption features would be much
broader which is shown in the following calculation. A simple attempt
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using the diatomic model consisting of an OSe bond leads to a dierence
in frequency between the highest and the lowest LVM of around
2000 cm−1 ×
√
µ76Se−16O −
√
µ82Se−16O√
µ76Se−16O
≈ 13 cm−1,
whereas µ76Se−16O and µ82Se−16O are the reduced masses of the 76Se16O
and 82Se16O units, respectively. On the contrary, the splitting between
the µ is only 1 cm−1
In the following, the µ-modes will be identied as LVMs of two SeH
bonds located in the Cd vacancy VCdH2.
5.2 Results and analysis
General features of the absorption lines
Figure 5.3 shows parts of the IR absorption spectrum of the RIMST 1
CdSe sample. Two absorption features, previously reported by Chen et
al. [7] at around 1992 and 2001 cm−1 show up as consequence of the
doping of the crystal with hydrogen. They are labeled with SeH∥ and
SeH⊥ instead of their previous notation µ1 and µ2. The bands have
a constant intensity ratio which strongly indicates that they belong to
the same defect. An annealing of the RIMST 2 CdSe sample in D2
ambient at 500 ◦C leads to a red-shift of the two features SeH∥ and
SeH⊥. The corresponding IR absorption spectra are shown in Fig. 5.4.
The two bands are located at 1454 and 1461 cm−1 and are labeled SeD∥
and SeD⊥. The frequency ratio of the bands in Figs. 5.3 and 5.4 is 1.37.
This value is characteristic for hydrogen-related LVMs estimated by using
the diatomic model. Hence, the absorption features SeH∥ and SeH⊥ are
assigned to a hydrogen-related defect. The absorption signals could not
be generated in the ANAU 3 or CC 2 CdSe crystals. Further, annealing
of the RIMST 3 sample in a 50:50 mixture gas of H2 and D2 did not lead
to additional absorption lines. The relevant IR spectrum is not presented
since it does not contain any new information.
The observed absorption features reveal a ne structure. The best way
to t is a Voigt prole t consisting of ve peaks wheres all of them had
the same line width and shape. Table 5.1 and 5.2 reveal the obtained fre-
quencies and the red curves in Fig. 5.3 and 5.4 are the tting proles. The
latter shows only small dierences compared to the experimental data.
The analysis of the relative intensities of the ve dierent signals per ab-
sorption feature leads to further information of the defect. For SeH∥ and
SeH⊥, the values are 10 : 51 : 27 : 4 : 8 and 9 : 50 : 23 : 8 : 10, respectively.
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Figure 5.3  IR absorption spectra (black) of the RIMST 1 crystal.
Red curves represent Voigt prole ts consisting of ve lines each
of equal lines width and shape each. The resolution was 0.1 cm−1.
Recorded at 10 K using nonpolarized light.
These intensity ratios are close to the natural abundance of the main
ve selenium isotopes 82Se : 80Se : 78Se : 77Se : 76Se (9 : 50 : 24 : 8 : 9) [109]
indicating that the 1992- and 2001-cm−1 bands are due to a single Se
atom. The relative intensities of SeD∥ (11 : 47 : 21 : 9 : 12) and SeD⊥
(9 : 46 : 23 : 9 : 13) features match the natural abundance of the main Se
isotopes as well. The absorption lines SeH∥ and SeH⊥ are assigned to
arise from vibrating SeH bonds, which may be located in the VCd, sup-
ported by theoretical works [8, 10]. In order to t the experimentally
Table 5.1  Experimental and tted frequencies (in cm−1) and tting
parameters obtained with Eqs. (5.1) and (5.2) for SeH∥ and SeD∥.
amu stands for atomic mass unit
82Se 80Se 78Se 77Se 76Se
SeH∥
Exp. 1991.5 1991.8 1992.2 1992.4 1992.5
Fit 1991.5 1991.8 1992.2 1992.3 1992.5
SeD∥
Exp. 1453.9 1454.3 1454.8 1455.0 1455.3
Fit 1453.8 1454.3 1454.8 1455.0 1455.3
k∥=275±1 N/m χ∥=0.89±0.03 x∥=0.04
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Figure 5.4  IR absorption spectra (black) of the RIMST 1 crystal.
Red curves represent Voigt prole ts consisting of ve lines each
of equal lines width and shape each. The resolution was 0.1 cm−1.
Recorded at 10 K using nonpolarized light.
observed frequencies listed in Tabs. 5.1 and 5.2, the two vibrating SeH
bonds were considered to be independent from each other. For tting
the obtained frequencies anharmonicity was taken into account.
ω = ωe − 2xωe. (5.1)
Here, ωe is the harmonic frequency and x is the anharmonicity parameter.
Both ωe and x are inversely proportional to
√
µ, where µ and k are the
Table 5.2  Experimental and tted frequencies (in cm−1) and tting
parameters obtained with Eqs. (5.1) and (5.2) for SeH⊥ and SeD⊥.
amu stands for atomic mass unit
82Se 80Se 78Se 77Se 76Se
SeH⊥
Exp. 2001.0 2001.3 2001.7 2001.8 2002.0
Fit 2001.0 2001.3 2001.7 2001.8 2002.0
SeD⊥
Exp. 1460.3 1460.8 1461.2 1461.5 1461.7
Fit 1460.3 1460.8 1461.2 1461.5 1461.7
k⊥=277±1 N/m χ⊥=0.90±0.02 x⊥=0.04
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reduced mass and force constant of the SeH bond, respectively.
ωe =
√
k∥/⊥
µ
and x = x∥/⊥
√
[amu]
µ
(5.2)
with 1/µ = 1/mH/D + 1/χMSe.
The parameter χ accounts for the coupling to the lattice [73]. Since x
depends on
√
µ, the parameters x∥ and x⊥ were introduced since they
have no dependence on µ.The tted frequencies are listed in Tabs. 5.1
and 5.2. A very good agreement between the calculated and experimental
freuqencies is obtained. The errors of the anharmonicity parameters x∥
and x⊥ are below 1%.
Polarization
In order to obtain the direction of the dipole moments of SeH∥ and SeH⊥,
IR measurements were performed with linearly polarized light aligned
parallel and perpendicular to the c axis of the wurtzite CdSe crystal (see
Fig. 5.5). The signals of SeH∥ and SeD∥ could only be seen when the
light was polarized parallel to the c axis. SeH⊥ and SeD⊥ have been
detected at both polarizations with stronger components perpendicular
to the c axis. The intensity I of the light absorbed by the electrical dipole
d vibrating in wurtzite symmetry can be written as
I ∝
∑
Rk
|e · (Rkd)|2, (5.3)
where e is the polarization vector of the light and Rk is the symmetry
operator of the C3v point group. The angle ϕ found between the dipole
moment and the c axis can be determined from
ϕ = arctan
√
2I⊥/I∥. (5.4)
Here I⊥ and I∥ are the intensities of the light absorbed for the polar-
izer orientations perpendicular and parallel to c, respectively. The 1992-
mode is aligned parallel to the c axis, whereas the one at 2001 cm−1
forms an angle of 113± 4◦ with the c axis. Note that the perpendicular
CdSe bond in CdSe comprises an angle of 109.4◦ with the c axis. These
results conrm the polarization data determined by Chen et al. [7].
Thermal frequency shift and stability
When the measurement temperature rises above 10 K, the frequencies
of SeH∥ and SeH⊥ reveal a blue-shift (see Fig. 5.6). Neglecting the data
point at around 29 K, the shift value diers only slightly between the
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Figure 5.5  IR absorption spectra of the RIMST 1 (top) and
RIMST 2 (bottom) crystal recorded with linear polarized light. The
resolution was 0.5 cm−1. Spectra were recorded at 10 K.
two modes. The signals could not be resolved above a temperature of
30 K due to their small intensities. Temperature dependence of LVMs
can be tted by using the model of Persson and Ryberg that takes a
non-resonant anharmonic coupling of the mode to an exchange mode E0
by a taking parameter δω into account (see Eq. 2.32 in Chap. 2) [85].
The solid lines in Fig. 5.6 are the tting curves which reveal a good
agreement with the experimental data. The t parameters of SeH∥ are
δω = 62 ± 18 meV and E0 = 59 ± 5 meV where the values of SeH⊥ are
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Figure 5.6  Frequency shift of SeH∥ and SeH⊥ according to mea-
surement temperature. Red and blue lines represent tting curves
(see text).
δω = 39± 7 meV and E0 = 51± 3 meV. The exchange mode E0 causing
the shift is assumed to be the same for both modes but the magnitude
of the shift is higher for the SeH bond aligned parallel to the c axis.
Figure 5.7 shows the integrated absorbance of SeH∥ and SeH⊥ according
to the annealing temperature of the RIMST 1 crystal. The intensities
remain constant until 425 ◦C. During the following 100 K, the signals
decrease almost linearly until 525 ◦C. After an annealing at 550 ◦C, they
were absent in the IR spectrum. Both SeH∥ and SeH⊥ reveal the same
trend and thermal stability which underlines their common origin.
5.3 Discussion
The 1992- and 2001 cm−1-signal show up together in the IR absorption
spectrum of the RIMST 1 CdSe crystal. When hydrogen was replaced by
deuterium, the frequencies shift downwards to 1454 and 1461 cm−1 which
corresponds to a frequency ratio of 1.37. This value is slightly below√
2 which is characteristic for hydrogen-related absorption lines. This
data contradicts the OCd defect as origin of the 1992- and 2001 cm−1-
signals [7]. The signals showed no relation to oxygen. The evaluation
of the signal structure of SeH∥ and SeH⊥ yield the incorporation of a
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Figure 5.7  Integrated absorbance of SeH∥ and SeH⊥ as a function
of annealing temperature.
single Se atom and in combination of the frequency shift to vibrating
SeH bonds. An annealing of a CdSe crystal in a H2+D2 mixture gas
has lead to no new absorption lines. The IR absorption measurements
with linearly polarized light revealed that the dipole moment of SeH∥
is aligned parallel to the c axis and the SeH⊥ comprises an angle of
113 ± 4 ◦ with the c axis. Chen et al. obtained similar results although
they did not provide an angle for SeH⊥ [7]. The frequencies of SeH∥
and SeH⊥ are found to rise with increasing measurement temperature.
Further, both SeH bonds start to dissociate at 425 ◦C and anneal out
at 525 ◦C. So far, two defect models are considered: two hydrogen atoms
being localized bond-centered within the CdSe bonds aligned parallel
and "perpendicular" to the c axis or a cadmium vacancy passivated by
two hydrogen atoms VCdH2.
Bond-centered hydrogen Here, the hydrogen is bound to a Se atom
along the CdSe bond, aligned either parallel or perpendicular to the c
axis. This model is supported by the results of the CdSe crystal annealed
in a H2+D2 mixture gas where no additional absorption lines besides
SeH∥, SeH⊥, SeD∥ and SeD⊥ have been observed. That accounts for
two defects containing a single H atom each. The alignment of the two
modes coincides with the CdSe bonds in wurtzite CdSe. Here, the
"perpendicular" CdSe bond is aligned 109.44 ◦ o the c axis following
from lattice parameter of a=4.3 Å and c=7.0 Å for wurtzite CdSe [110].
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This value lies within the error range of 113±4 ◦ found between the SeH⊥
mode and the c axis. The SeH⊥ mode is aligned parallel to the c axis i. e.
the hydrogen atoms are located within the CdSe bonds (bond-centered).
The binding energy dierence of SeH∥ and SeH⊥ have to be marginal since
the intensities of two absorption lines are also almost equal. Contrary to
HBC in ZnO [43], both bond-centered congurations are occupied which
can be explained by the lattice characteristics of CdSe and ZnO. The
former reveals a marginal dierence in the parallel and "perpendicular"
CdSe bond length and the angles between the bonds
∆dCdSe = 0.004 Å,^(∥ − ⊥)CdSe = 109.44
◦ and ^(⊥ − ⊥)CdSe = 109.50
◦
hardly dier from the perfect tetrahedral angle of 109.47 ◦. On the other
side in ZnO, the dierences in bond length and the angles between
∆dZnO = 0.033 Å,^(∥ − ⊥)ZnO = 109.13
◦ and ^(⊥ − ⊥)ZnO = 109.70
◦
are larger. The almost tetrahedral symmetry in CdSe allows the occu-
pation of both bond-centered position whereas in ZnO only the position
parallel to the c axis can be detected [43]. The high similarity of the two
positions explains also the equal thermal stability up to 525 ◦C. A prob-
lem arises with the thermal frequency shift behavior of the absorption
lines. In general, a LVM increases in frequency with decreasing temper-
ature, due to strengthened bonds related to the contraction of the host
lattice. The frequencies of SeH∥ and SeH⊥ display the opposite behavior.
There are defects in other semiconductor materials which reveal simi-
lar frequency shift trends like SeH∥ and SeH⊥ [43, 83, 111]. Following
Coutinho et al., the buckling of a defect atom from the regular bond
direction causes a red-shift in frequency of the LVM of the defect with
decreasing temperature [84]. This is not valid for the SeH∥ and SeH⊥
since their modes are aligned along the regular CdSe bonds. The model
of bond-centered hydrogen atoms is not suitable for the obtained results.
Cadmium vacancy with two H atoms Hydrogen is known to passi-
vated vacancies in various materials [4347]. The Cd vacancy in CdSe
(VCd) is a double acceptor whose doubly ionized state gives rise to a level
above the valence band of 0.65 eV [2125]. In this model, two hydrogen
atoms passivate the VCd by forming two SeH bonds, SeH∥ and SeH⊥.
This defect should give rise to additional LVMs arising from HD mixture
states like the VZnH2 complex in wurtzite ZnO [43]. Here, the two in-
equivalent OH bonds are not aligned parallel to the ZnO bonds due to a
repulsive interaction of the H atoms. The LVMs of the HD mixture states
are shifted by 2-3 cm−1. These modes are absent in the IR spectrum of
the CdSe sample annealed in H2+D2. An explanation can be given by the
geometry of the defects in CdSe and ZnO. The former reveals a negligible
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HH interaction. This is supported by the fact that the two bonds are
aligned parallel to the commen CdSe bonds. In ZnO, the HH repulsive
interaction shifts the modes o the usual ZnO bonds. This is underlined
by the comparison of the SeH (1.46 Å) and OH (0.97 Å) bond lengths
and the mean distances CdSe (2.63 Å) and ZnO (1.97 Å) of regular
CdSe and ZnO wurtzite lattices [110, 112]. Simple geometric considera-
tion reveals that the HH distance in VCdH2 is about 17% larger than
that in VZnH2. The relatively large distance between the two hydrogen
atoms comprising VCdH2 accounts for the "missing" modes of the VCdHD
complex. To be precise, the modes exists but their frequencies dier
marginally from the frequencies of SeH∥ and SeH⊥. The blue-shift of the
frequencies with rising temperature is in good agreement with the shift
behavior of VZnH2. Due to the equal thermal stability of SeH∥ and SeH⊥,
their common origin is underlined. Besides this discussion, the literature
also denotes the 1992- and 2001-modes to be LVMs of VCdH2 [10, 90].
Concluding, the absorption lines at 1992 and 2001 cm−1 are assigned to
LVMs of a VCdH2 defect in CdSe since its obtained features ts to this
defect as well as to the proposal of theoretical works.
The generation of VCdH2/D2 was restricted to RIMST CdSe samples.
This could be correlated to the dierent content of iron which the three
crystal deliveries exhibit (not shown). Fe is known to substitute Cd and
gives rise to an absorption line at 2375 cm−1 [113]. RIMST crystals
revealed the lowest Fe content by far. Hence, it is supposed that these
samples contain the highest concentration of VCd. Other VCd substituting
impurities can not be excluded.
The frequency shift of the two modes was tted and found to be due to
an exchange mode of approx. E0 = 55 meV. A corresponding phonon
frequency of wurtzite CdSe could not be found. The LO phonons are
in the range of 26 meV [69]. The energy of two LO phonons would
match E0 but their occupation number in the temperature range 10-
40 K should be low which rules them out as explanation for the frequency
shift of SeH∥ and SeH⊥. The frequencies of the VZnH2 defect in ZnO are
found to shift due to E2 phonon mode revealing an energy of approx.
12 meV [88, 114] which is far below E0. Moreover, the "magnitudes" of
the frequency shifts δω = 62 ± 18 meV (SeH∥) and δω = 39 ± 7 meV
(SeH⊥) are much higher than the values belonging to the VZnH2 defect
in ZnO (δω ≈ 0.5 meV) [88]. Both account for strong coupling of the
VCdH2 mode of another system. A shift of these modes due to interaction
to other defects seems unlikely since they would have to exhibit a high
concentration. The coupling system causing the frequency shift could
not be identied.
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5.4 Summary
In this chapter, an IR absorption spectroscopy study concerning two ab-
sorption lines at 1992 (SeH∥) and 2001 cm−1 (SeH⊥) in H-doped wurtzite
CdSe have been presented. In the literature, both modes are attributed
to be LVMs of the OCd defect [7]. If hydrogen was replaced by deu-
terium, the modes shifted downwards in frequency by a factor of 1.37
which is explained by the involvement of hydrogen with the defect giving
rise to the 1992 and 2001-mode. A relation of the signals to oxygen was
not observed. In general, oxygen-related defects were not be detected
in the samples containing SeH∥ and SeH∥. The substructure of the two
signals is due to a single Se atom. A VCdH2 defect was proposed to give
rise to the absorption lines. This is supported by IR absorption mea-
surements with linear polarized light and by the thermal frequency shift
of the two modes. Moreover, this defect model has been predicted by
theoretician [10, 90]. The defect was found to be stable up to around
525 ◦C.
Generally, the investigation of CdSe crystals containing a higher concen-
tration of VCd could provide more information. This refers both to the
"missing" modes of the VCdHD complex, whose frequencies are supposed
to dier only marginally from the ones of VCdH2 and VCdD2, respectively,
and to the detection of overtone frequencies. If a CdSe crystal grown
with isotopically pure Se is doped with hydrogen then the substructure
of SeH∥ and SeH⊥ would vanish. If such a crystal gets doped with hy-
drogen and deuterium, then the frequencies of VCdHD could probably be
detected in the IR spectrum. The coupling system causing the frequency
shift of the VCdH2 modes has yet to be identied. Theoretical calculations
could identify the coupling system.
Chapter 6
Summary
In this thesis, the absorption lines at 1096.8 (ν1) and 1108.3 cm−1 in CdTe
and the signals at 1094.1 (γ1), 1107.5 (γ2), and 1126.3 cm−1 (γ3) in CdSe
were reassigned to a sulfur-dioxygen complex SO2*, and the absorption
lines at 1991.8 (SeH∥) and 2001.3 cm−1 in CdSe was reassigned to a VCdH2
complex using Fourier transformed infrared absorption spectroscopy.
The SO2* complex in CdTe gives rise to two congurations revealing
LVMs at 1096.8 (ν1) and 1108.3 cm−1 (ν2). The signals were accom-
panied by ve weaker absorptions lines which relative intensities yield
the sulfur-dioxygen complex. Two absorptions lines at 2078.3 (ν ′1) and
2089.8 cm−1 (ν ′2) were observed in the IR spectra and were attributed to
be the rst overtone frequencies of ν1 and ν2. Due to uniaxial stress ap-
plied to the crystal, the absorption lines of the two ν-lines split and their
splitting pattern yields an orthorhombic and monoclinic symmetry for ν1
and ν2, respectively. A binding energy dierence of 0.5±0.1meV between
the two congurations was obtained by investigating the intensity ratio.
The congurations are separated by an energy barrier of 53 ± 4 meV.
The vibrational frequencies of ν1 and ν2 shifts towards each other with
increasing crystal temperature. A thermal stability of the complex up
to 600-650 ◦C is proposed. The most probable position of the complex
within the lattice is the TCd site. In CdSe, the SO2* complex has three
congurations revealing vibrational modes at 1094.1 (γ1), 1107.5 (γ2),
and 1126.3 cm−1 (γ3). In the vicinity of the γ-lines, several additional
absorption lines were observed. The relative intensities of the detected
signals t to the sulfur-dioxygen complex. Uniaxial stress applied to the
crystal leads to a splitting of γ1 and γ2 which corresponds to a mono-
clinic symmetry. No splitting for γ3 was observed but a monoclinic or
triclinic symmetry is proposed for this mode. The thermal frequency
shift of the γ-lines was probed up to 150 K and a red-shift in frequency
was observed for γ1 while γ2 and γ3 shift downwards in frequency with
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increasing temperature. The SO2* complex in CdSe starts to dissociate
above 600 ◦C. After an annealing at 750 ◦C, the absorption lines of the
complex were absent in the IR spectrum. The most suitable position of
the SO2* complex in CdSe is an interstitial lattice.
IR absorption measurements on hydrogen-doped CdSe crystals revealed
two absorption lines at 1991.8 (SeH∥) and 2001.3 cm−1 (SeH⊥). The
signals shift to 1454 (SeD∥) and 1461 cm−1 (SeD⊥) when hydrogen is
replaced by deuterium. This frequency shift and the substructure of
SeH∥ and SeH⊥ arising from Se isotopes lead to the assignment of the
two modes to a VCdH2 defect. IR measurement using linearly polarized
light yielded an alignment of SeH∥ and SeH⊥ parallel and perpendicular
to the c-axis of the crystal, respectively. Further, the two modes revealed
a blue-shift in frequency with increasing temperature. The VCdH2 defect
was found to be stable up to a temperature of 525 ◦C.
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